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FOREWORD 

Thia  report  describes  the  results  achieved  under  Contract  AF  30(6o2)- 
2575  during  the  secotid  contract  year,  November  1,  1962  to  October  31,  1963. 

One  of  the  specific  overall  objectives  of  thia  contract  is  to  conduct 
theoretics,.  and  experimental  Investigations  of  microwave  tubes  with  a  view 
towurd  the  development  of  tubes  capable  of  at  least  10  megawatts  of  peak 
power,  average  power  approaching  50  kilowatts,  bandwidth6  approaching  30 
per  cent,  gains  of  35  db,  and  efficiencies  of  ^0  per  cent.  A  more  general 
objective  is  to  lnveatigate  new  methods  of  achieving  either  high  peak  and 
average  power,  large  bandwidths,  or  high  frequencies  by  either  new  methods 
or  by  unconventional  extensions  of  existing  approaches. 

During  the  course  of  this  contract  year,  three  quarterly  memoranda 
were  written  and  distributed: 

(1)  Quarterly  Status  Report  No  5i  for  the  period  1  November  1962 
to  31  Janmry  1963  (Microwave  Laboratory  Report  No.  1012). 

(2)  Quarterly  Status  Report  No.  6,  for  the  period  1  February  to  30 
April  1903  (Microwave  Laboratory  Report  No.  1 037 )  This  status  report 

was  also  issued  by  RADC  as  Technical  Documentary  Report  No.  RAD(j-TDR-63-28b. 

(3)  Quarterly  Status  Report  No.  7,  for  the  period  1  May  to  31  July 
1963  (Microwave  Laboratory  Report  No.  1080) 

This  Annual  Report  summariz.es  the  materials  reported  in  these  three 
quarterly  status  reports  and  describes  the  work  done  in  the  final  quarterly 
period  as  well. 

At  the  time  of  this  Annual  Report  there  were  8  projects  active  under 
this  contract: 


I 

Oscillation  Suppression 

V. 

Extended-interaction  Klystrons 

in  TWT's 

VI. 

Hollow  Beam  Guns 

II. 

Centipede  TWr 

VII. 

Transverse-wave  Studies 

III. 

Long-slot  TWT 

VIII. 

Electron  Beam  Interaction  with 

IV. 

Nonperiodic  Dielectric- 

lined  TWT 

a  Cesium  Plasma 

The  Responsible  Investigator  for  this  contract  is  Professor  Marvin 
Chodorow.  The  number  for  this  report  is  M.L,  No.  lllb. 


.lu.ppestel  keyvor  i  lir.t:  Electronic  Tube  Devices,  Travel! nr  Wave  Tabes, 

Klystrons 


ABSTRACT 

This  report  covers  progress  on  the  eicht  tasks  \:hich  have  been  pursued 
’urinr  the  second  contract  year.  'Phis  includes  (l)  oscillation  suppression 
in  hi  h  power  "VT's,  (2)  stTy  of  the  centipede  T./T  structure,  (3)  improve¬ 
ment  o*’  staoility  of  the  lonf-slot  TP,  (4)  development  of  a  non-periodic 
iel'ictric-line ;  .TP,  (>)  development  of  exten led- interaction  klystrons,  (6) 
study  of  hollow  beau  electron  puns,  (7)  study  of  trnnsverse-wave  devices,  an1 
3)  investiipation  o*  elictron  beam  interaction  with  a  plasm. 

T  a’Htior.  t  the  material  presented  in  this  report,  each  task  ’.rill  be 
iscursed  -more  f’ully  in  separate  reports  as  "technical  milestones  arise. 
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ABSTRACTS 

SECOND  ANNUAL  REPORT 

I.  OSCILLATION  SUPPRESSION  IN  TVT'S 

The  electron  stick  has  been  used  to  evaluate  methods  of  Improving 
the  stability  characteristics  of  high-power  TWT's.  Of  particular  interest 
are  the  pulse-edge  (n-polnt)  oscillations.  The  technique  applied  to  this 
problem  is  that  of  selectively  coupling  the  periodic  centipede  structure 
to  an  external,  lossless,  uniform  guide.  The  results  of  the  theory  and 
experiment  are  presented.  A  complete  report  of  this  project  will  be  forth¬ 
coming  as  a  technical  report. 

II.  CENTIPEDE  TWT 

The  centipede  circuit  has  been  adapted  for  use  on  the  electron  stick 

I 

in  such  a  manner  that  the  amplitude  and  phase  of  the  growing  wave  along 
the  beam  circuit  interaction  length  can  be  measured.  The  results  of  this 
study  will  be  of  utmost  value  in  optimizing  the  many  parameters  affecting 
the  beam- circuit  interaction.  The  circuit  and  associated  equipment  are 
ready  for  evaluation  on  the  electron  stick. 

III.  LONG-SLOT  TWT 

Several  methods  to  improve  the  stability  of  the  long-slot  TWT  have 
been  studied  and  evaluated  by  cold-test  measurements.  Some  of  these  have 
been  evaluated  on  the  electron  stick.  The  results  of  these  measurements 
are  presented. 

TV.  NONPERIODIC  DIELECTRIC -LDIED  TRAVELING-WAVE  TUBES 

An  electron  stick  with  a  new,  iron-plated  tungsten  helix  has  been 
completed  and  is  being  activated.  The  iron  plating  increases  the  rf 
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resistance  of  the  wire  tenfold.  If,  as  predicted,  the  parasitic  helix 
oscillations  are  suppressed,  the  new  helix  can,  at  last,  serve  as  the 
rf-transparent  beam-tunnel  lining  of  nonperiodic  extra  high-power  S-band 
tubes  based  on  rf  structures  that  are  simply  uniform  sleeves  of  dielectric 
inside  a  metal  shell. 

V.  EXTENDED-UiTERACTION  KLYSTRONS 

A  three-cavity  S-band  hybrid  tube,  consisting  of  two  tunable  conven¬ 
tional  klystron  cavities,  followed  by  an  extended-interaction  output 
resonator,  was  built  and  tested  on  the  electron  stick.  With  the  output 
resonator  adjusted  for  interaction  over  one  resonant  wavelength,  the  overall 
small-signal  gain  was  found  to  be  19  db  with  a  3  db  bandwidth  of  3*!?  %• 

Longer  interaction  lengths  were  made  impractical  both  by  parasitic  oscil¬ 
lations  on  the  electron  stick  and  by  the  inherent  difficulty  of  loading 
a  long  resonator  sufficiently  to  prevent  raonotron  instability.  The  two- 
cavity  gain  of  the  tunable  bunching  section  remained  at  11.0  ±  1.0  db 
over  the  frequency  range  of  interest.  Large-signal  or  saturation  measure¬ 
ments  were  not  made,  due  to  arcing  in  the  output  resonator  at  the  30  kW  level. 

VI .  HOLLOW  BEAM  GUNS 

A  promising  method  for  the  design  of  hollow  beam  guns  is  through  the 
use  of  the  paraxial  ray  equation.  During  the  year  this  method  was  developed 
to  second  order  with  inclusion  of  magnetic  fields,  the  only  restriction 
on  the  magnetic  field  being  that  it  must  be  tangential  to  the  cathode. 

The  superiority  of  this  version  of  the  paraxial  ray  method  over  previous 
work  stems  from  the  fact  that  the  higher-order  solutions  of  the  space-charge 
flow  are  found  by  solving  ordinary  differential  equations  instead  of  partial 
differential  equations. 

VII.  TRANSVERSE-WAVE  STUDIES 

The  objective  of  this  project  is  to  study  a  possible  approach  to 
broadband  high-power  amplifiers,  which  involves  interaction  between  an 
electron  beam  and  a  circuit  in  the  presence  of  an  axial  dc  magnetic  field. 

The  emphasis  of  this  project  has  been  shifted  from  ordinary  transverse-wave 
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interaction  towards  investigation  ot'  the  new  force-free  transverse  waves  which 
can  propagate  on  rotating  beans. 

VIII.  ELECTRON  BEAM  INTERACTION  WITH  A  CESIUM  PLASMA 

The  results  of  an  experimental  study  of  slow-wave  propagation  along 
u  plasma  column  are  discussed  This  experimental  study  has  been  aimed  at 
checking  the  propagation  theory  (summarized  in  the  previous  Annual  Report) 
for  a  plasma  column  with  a  radial  density  variation.  It  was  found  possible 
to  learn  something  about  the  plasma  density  profile  from  this  study.  An 
anoraaiy  associated  with  attenuation  of  the  slow  waves  propagating  along  a 
finite  plasma  column  was  Investigated  theoretically  and  experimentally. 

The  anomaly  appears  to  be  well  explained  by  the  hypothesis  of  Landau 
damping  in  the  plasma  sheath  as  given  by  Pavkovich  and  Kino  in  their  work 
on  the  rf  theory  of  the  plasma  sheath.  The  theoretical  study  of  the  gain 
mechanism  of  the  finite  beam  plasma  Interaction  is  summarized,  and  the 
design  and  purpose  of  some  experimental  beam-plasma  tubes  are  discussed. 


INTRODUCTION 


The  objectives  of  this  contract  can  be  broadly  divided  into  two 
categories,  one  concerned  with  theoretical  and  experimental  invest igat lone 
of  a  particular  class  of  microwave  tubes  designed  for  nultimegawalt  peak 
powers,  and  the  second  a  more  speculative  group  of  projects  which  are 
intended  to  achieve  high  power,  reasonable  bandwidths,  and  possibly  also 
very  high  frequencies  by  more  unconventional  means.  Thus,  of  the  eight 
projects  described  here,  five  of  them  deal  with  specific  problems  related 
to  high  power  traveling -wave  tubes  or  klystrons  and  arc  definitely  concerned 
with  improvement  of  operating  characteristics  which  are  not  completely 
satisfactory  in  existing  tubes  While  the  other  three  projects  are  con¬ 
cerned  with  the  more  basic  investigations  on  the  five  specific  projects, 
the  following  comments  are  relevant.  The  present  state  of  development 
of  high-powered  broadband  pulsed  amplifiers  is  that,  to  a  large  extent, 
peak  and  average  powers  can  be  quite  readily  achieved  and  have  been 
achieved  both  at  Stanford  and  elsewhere.  The  principal  deficiencies  of 
the  existing  tubes  are  somewhat  inadequate  bandwidtus  and  instabilities, 
that  is,  the  presence  of  oscillations  under  certain  operating  conditions. 

A  less  6erious  but  still  important  problem  is  that  of  efficiency,  which, 
while  quite  satisfactory  in  existing  tuber,  is  probably  capable  of  improve¬ 
ment.  Thus,  the  five  specific  projects  are  all  aimed  at  these  areas. 

Since  these  projects  are  not  primarily  concerned  at  the  moment  with  high 
average  power,  it  has  been  found  possible  to  investigate  many  of  the 
problems  using  a  special  device  known  as  the  "electron  stick"  which 
provides  a  separate  vacuum  for  the  electron  beam  and  permits  putting 
the  interaction  circuits  external  to  the  vacuum.  This  facilitates  the 
investigation  of  various  ideas  concerned  with  oscillation  suppression, 
of  the  saturation  and  efficiency  characteristics  of  high  power  tubes, 
and  of  new  circuits  which  may  give  better  bandwidths.  These  five  projects 
all  use  this  "electron  stick." 
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Project  I  is  concerned  with  methods  of  investigating  suppression  of 
oscillation  in  a  circuit  which  is  a  prototype  of  several  successful  high 
power  traveling -wave  tubes  but  which  is  still  subject  to  oscillation  under 
some  conditions.  Project  II,  using  a  particular  TVT  circuit,  is  concerned 
with  the  rate  of  growth  of  the  current  as  a  function  of  measuring  distance 
in  an  output  circuit  in  order  to  investigate  the  efficiency  characteristics . 
Projects  III  and  IV  are  concerned  with  circuits  which  may  give  considerably 
greater  bandwidth  and/or  freedom  from  oscillation  as  compared  with  existing 
high  power  traveling-wave  tube  circuits.  Project  V  investigates  an  amplifl^ 
the  extended  interaction  klystron,  which  uses  unconventional  cavities  which 
are  capable  of  giving  greater  bandwidtho  and  also  greater  efficiency  than 
conventional  klystron  cavities.  Here  also  by  use  of  the  "stick"  it  is 
possible  to  investigate  the  effects  of  clianges  in  circuit  parameters  on 
performance,  using  the  same  electron  optics,  which  is  a  very  important 
means  of  getting  performance  characteristics  of  this  type  of  klystron. 
Project  VI  is  concerned  with  hollow  beam  guns  and  continues  earlier  work 
on  the  design  of  unconventional  beam  optics  by  analytic  methods  leading 
to  much  higher  perveance  guns.  Such  guns  would  also  achieve  some  of  the 
objectives  of  this  program,  perturbing  greater  bandwidtho  with  klystrons. 
Projects  VII  and  VIII  are  concerned  wit'.',  unconventional  devices  which 
may  lead  to  new  types  of  high  powered  amplifiers .  One  uses  transverse 
interaction  of  the  electrons  and  the  other  is  concerned  with  using 
interaction  of  an  electron  beam  with  a  plasma  as  a  means  of  achieving 
gain.  Since  both  use  electron  interactions  which  are  different  than 
standard  linear  beam  devices,  the  normal  parameters  which  govern  and 
limit  the  performance  of  normal  linear  beam  devices  would  not  apply. 

It  is  important  to  see  what  kinds  of  devices  might  be  possible  using 
these  different  types  of  interaction  and  to  what  extent  these  inter¬ 
actions  would  permit  achieving  characteristics  beyond  those  of  con; 
ventional  traveling-wave  tubes  or  klystrons. 
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J.  OSCILLATION  SUPPRESSION  IN  TWT  S 


A.  INTRODUCTION 

The  objective  of  this  study  is  to  suppress  the  various  vpes  of 
oscillations  that  can  occur  in  a  periodic  structure  when  it  is  excited  by 
an  electron  bean  (as  in  high-power  traveling -wave  tubes)  without  introduc¬ 
ing  excessive  attenuation  into  the  operating  frequency  band.  Of  particular 
interest  are  the  pulse -edge  (n-point)  osclLlations  which  are  Inherently 
possible  in  any  IVr  which  utilizes  certain  types  of  periodic  structures. 

The  technique  which  is  being  appLied  to  this  problem  is  that  of  selectively 
coupling  the  periodic  structure  to  an  external,  lossless,  uniform  waveguide . 
The  selectivity  is  obtained  by  properly  adjusting  the  phase  and  attenuation 
characteristics  of  the  waveguide.  The  structure  being  studied  m  this  case 
is  the  "centipede"  structure,  but  this  same  technique  could  be  applied  to 
the  particular  oscillation  problems  of  any  other  periodic  structure  such 
as  the  "cloverleaf"  or  the  "long  slot." 

B.  DISCUSSION 

The  bulk  of  the  experimental  and  theoretical  work  on  this  project 
has  been  completed  and  a  comprehensive  report  which  describes  the  important 
results  that  were  obtained  is  being  written.  A  small  amount  of  experimental 
work  remains  to  be  done,  and  this  is  being  carried  on  concurrently  with  the 
writing  of  the  report.  It  is  expected  that  this  work  will  be  concluded 
shortly,  and  hence  the  report  should  be  ready  for  distribution  in  the  near 
future.  Since  this  report  will  describe  the  work  In  detail,  only  a  summary 
of  this  work  will  be  presented  here. 

1.  Experimental  Work 

In  the  experimental  portion  of  this  study  the  "electron  stick"  was 
used  to  evaluate  the  effect  of  external  loading  on  the  oscillation,  gain 
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and  bandwidth  characteristics  of  the  "centioede"  structure.  In  particular, 
the  effect  of  coupling  an  external,  lossless  waveguide  to  the  structure  by 
means  of  slots  was  studied.  Also,  a  relative  comparison  between  this 
scheme  and  two  which  were  suggested  by  Ivanek^  was  also  attempted.  These 
other  two  schemes  consisted  of  coupling  by  means  of  resonant  slots  to  plain 
lossy  material  and  to  a  lossy  waveguide  wh03e  cutoff  is  near  the  n-polnt  of 
the  structure.  The  latter  is  similar  to  tne  method  used  for  the  long-slot 
structure  (Part  III  of  this  report).  A  study  of  the  oscillation  and  gain 
characteristics  of  the  unloaded  structure  also  had  to  be  made  in  order  to 
es*ablish  a  basis  of  comparison,  and  this  resulted  in  an  Increased  under¬ 
standing  of  the  oscillatory  behavior  of  the  structure  at  a  cutoff. 

The  oscillation  characteristics  of  the  unloaded  structure  were  obtained 
by  varying  the  length  of  the  structure  and  observing  the  frequency  and  beam 
voltage  at  which  the  oscillations  occurred.  It  was  found  that  the  oscil¬ 
lations  first  occurred  at  a  frequency  corresponding  to  the  n-point  (cutoff) 
of  the  structure.  As  the  length  was  increased,  the  oscillations  occurred 
over  a  wider  band  of  frequencies  and  exhibited  a  typical  backward-wave 
oscillation  characteristic  at  frequencies  away  from  the  cutoff  (no  forward- 
wave  oscillations  were  observed).  This  means  that  the  structure  is  most 
unstable  at  frequencies  near  its  cutoff  points  (this  may  be  attributed  to 
the  resonant  ..ature  of  the  fields  in  the  structure  at  these  points).  This 
explains  why  the  pulse-edge  oscillations  which  may  occur  when  a  high-power 
TWT  is  operated  under  pulsed  conditions  always  have  a  frequency  which 
corresponds  to  a  structure  cutoff.  It  is  only  at  these  points  that  the 
structure  is  unstable  enough  to  allow  oscillations  to  build  up  during  the 
fast  rise  and  fall  times  of  the  beam  voltage  pulse.  Hence,  to  suppress 
these  pulse-edge  oscillations,  it  is  only  necessary  to  load  the  structure 
at  the  corresponding  cutoff  frequency. 

The  external,  lossless  waveguide  which  was  used  consisted  of  a  standard 
X-band  guide  .loaded  by  dielectric  slabs  (e1  =  15)  such  that  its  dispersion 
characteristic  passed  through  the  n-point  of  the  centipede  structure.  The 
slots  in  the  structure  were  chosen  to  be  the  maximum  length  allowed  by  the 

^F.  Ivanek,  Microwave  Laboratory  Report  No.  1115,  Stanford  University 
(November  1963). 
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X-band  size  guide  and  were  themselves  loaded  with  dielectric  (c*  -  6)  so 
that  the  slots  would  produce  a  measurable  effect  on  the  start-oscillation 
length  of  the  structure,  AI30,  two  sets  of  diametrically  opposed  slots 
(and  hence  two  waveguides)  were  used. 

A  structure  having  10  slotted  sections  showed  about  a  *♦ 0 $  increase  in 
start-oscillation  length  when  coupled  to  the  external,  lossless  waveguides. 
When  coupled  to  the  lossy  waveguides  and  to  the  plain,  lossy  material,  the 
start-oscillation  length  was  increased  by  10$  and  20f,  respectively.  It 
is  felt  that  the  variations  in  starting  lergth  observed  for  the  various 
schemes  is  due  mainly  to  changes  in  the  slot  resonant  frequency  cauoed  by 
changing  the  environment  externally  adjacent  to  the  slots,  rather  than  to 
fundamental  differences  in  the  methods  of  loading  the  structure.  Further 
experiments  will  be  carried  out  to  determine  the  relative  positions  of 
the  slot  resonant  frequencies  which  correspond  tc  the  various  loading  schemes. 

The  small-signal  gain  of  the  structure  (with  and  without  external 
loading  schemes)  was  measured  by  observing  the  relative  output  of  a  small 
probe  in  the  structure  with  the  beam  on  ana  with  the  beam  off.  The  probe 
was  placed  directly  in  the  movable  sever  at  the  end  of  the  structure  (the 
use  of  a  movable  sever  allowed  the  length  of  the  structure  to  be  varied 
without  having  to  remove  it  from  the  electron  stick).  The  gain  which  was 
measured  involved  the  ratio  of  the  powers  at  the  end  of  the  structure  with 
and  without  the  beam  and  so  was  a  measure  of  the  "intrinsic"  gain  of  the 
structure,  i.e.,  it  did  not  involve  the  matches  of  any  input  or  output 
couplers . 

It  was  thought  at  first  that  the  effect  of  the  slots  on  gain  could  be 
measured  by  measuring  the  gain  as  a  function  of  length  and  then  comparing 
the  asymptotic  slopes  of  the  curves  thereby  obtained,  with  and  without 
external  loading.  However,  such  measurements  produced  inconsistent  and 
inconclusive  results.  It  Is  thought  that  the  presence  of  the  slots  destrpyed 
the  asymptotic  behavior  of  the  tube  gain.  In  fact,  if  the  slot  resonence 
were  near  the  passband,  one  would  expect  rather  large  perturbations  in  the 
fields  and  propagation  characteristics  of  the  structure.  If  a  sufficient 
length  of  unslotted  sections  were  placed  after  the  slotted  sections,  one 
would  expect  the  tube  gain  to  again  approach  an  asymptotic  value.  However 
this  could  not  be  checked  for  the  structure  first  tested  because  of  the 


-  3  - 


appearance  of  structure  oscillations  at  relatively  short  lengths.  The 
presence  of  spurious  oscillation  power  completely  confused  the  measure¬ 
ment  of  gain.  It  is  planned  to  repeat  the  measurements  of  gain  using  a 
structure  whl-'h  is  not  so  unstable,  so  that  gains  at  longer  structure 
Lengths  can  le  measured. 

Tr.e  effect  of  the  slots  on  gain  can  also  be  determined  by  comparing 
the  gains  measured  for  a  giver,  length  of  structure  which  is  loaded  b>  t tie 
varies  suppression  schemes.  However,  the  gain  cf  an  unloaded  structure 
v:..  n  Is  long  enough  to  include  a  sufficient  number  of  slotted  sections 
cc  1  rot  be  measured  for  the  first  structure  tested  because  of  the 
appearance  of  structure  oscillations.  This  gain,  however,  could  be 
extrapolated  from  the  asymptotic  gains  measured  for  shorter  lengths.  A 
comparison  of  the  gains  measured  with  slot  loading  with  this  extrapolated 
gain  indicates  that  the  various  loading  senemes  reduce  the  gain  away  from 
beam-circuit  synchronism  much  more  than  at  synchronism.  The  correctness 
of  this  conclusion  will  be  checked  by  repeating  the  gain  measurements  with 
a  more  stable  structure  This  will  allow  the  gain  for  longer  lengths  of 
unloaded  structure  to  be  measured.  The  effect  of  off -synchronism  gain 
reduction  is  not  understood  as  yet,  but  several  possible  theoretical 
explanations  are  being  investigated.  Also,  since  the  slots  are  near 
resonance  in  the  frequency  range  of  interest,  the  reduction  in  gain  must 
be  considered  in  the  light  of  the  possible  effects  of  the  slots  on  the 
structure  fields,  propagation  characteristics,  and  internal  reflections. 
Additional  experiments  will  be  carried  out  in  an  attempt  to  determine 
these  effects.  Until  these  experiments  are  completed,  no  definite  con¬ 
clusions  can  be  drawn  concerning  the  effects  of  the  slots  on  tube  performance. 

2  Theoretical  Work 

The  theoretical  portion  of  this  study  was  directed  toward  understanding 
the  oscillatory  behavior  of  a  periodic  circuit  near  cutoff  and  deriving, 
if  possible,  a  simple  criterion  for  estimating  the  start-oscillation  length 
at  cutoff  of  a  structure  which  has  been  loaded  in  various  ways.  At  first, 
an  attempt  was  made  to  describe  the  beam-circuit  interaction  at  a  cutoff 
by  coupled  propagating-mode  theory,  which  provides  a  simple,  semi -quantita¬ 
tive  analysis  of  the  gain  and  oscillation  behavior  of  a  high-power  TV/T  for 
frequencies  w, thin  a  passband.  However,  it  was  soon  determined  that  such 
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a  theory  could  not  be  applied  consistently  at  a  cutoff  unless  the  problem 
were  solved  exactly,  which,  in  general,  is  not  possible.  Fortunately,  an 
alternate  approach  using  resonant  modes  is  possible  because  the  fields  in 
the  structure  take  on  a  resonant  character  at  a  structure  cutoff.  If  one 
considers  the  structure  to  be  composed  of  coupled  cavities  and  does  a  per¬ 
turbation  analysis  using  the  mode  which  is  resonant  at  the  cutoff  frequency 
of  interest,  he  obtains  a  theory  which  adequately  describes  the  behavior 
of  the  system  in  a  narrow  frequency  band  around  that  cutoff.  Away  from 
cutoff  the  theory  gives  the  same  results  as  coupled-mode  theory.  Analyses 
of  this  type  have  been  performed  using  equivalent,  circuits^' ^  to 
describe  the  structure  but  were  limited  to  identical  cavities  having 
identical  losses  so  that  solutions  could  be  obtained  in  the  form  of  waves. 
However,  numerical  methods  must  be  resorted  to  in  any  case  and  wq  prefer 
to  leave  the  theory  general  enough  to  cover  the  case  where  the  losses  in 
each  cavity  are  not  identical  or  even  where  the  cavity  resonant  frequency 
and/or  length  are  "tapered."  The  problem  is  then  solved  by  the  straight¬ 
forward  evaluation  of  certain  matrices  which  appear  in  the  theory.  This 
theory  has  the  additional  advantage  over  previous  theories  in  that  the 
practicability  and  physical  picture  are  improved  because  of  the  formulation 
in  terms  of  well-understood  and,  for  the  moment,  easily  measurable  cavity 
and  beam  parameters.  In  particular,  the  physical  picture  of  the  energy 
interchange  between  each  cavity  and  the  beam  is  quite  clear. 

The  start-oscillation  conditions  for  a  structure  having  parameters 
equal  to  those  measured  for  the  first  experimental  structure  (and  beam) 
were  found  from  this  coupled-cavity  theory  and  these  agreed  quite  well 
with  the  start-oscillation  conditions  obtained  experimentally,  thus  verify¬ 
ing  the  correctness  of  the  theory  to  some  extent.  These  results  can  also 
be  compared  with  the  start-oscillation  length  which  is  found  from  Wessel-Berg 
Monotron  Theory,  for  oscillations  which  occur  at  the  cutoff  frequency. 

This  theory  assumes  that  the  whole  structure  at  cutoff  car.  be  thought  of 
as  a  single  resonator,  and  hence  the  starting  conditions  are  given  by  a 


^R.  W.  Gould,  Trans.  IRE,  PGED,  ED-5,  186-195  (July  1958). 
("V  G.  Dow,  Trans.  IRE,  PGED,  ED-7,  123<-l3l  (July  i960). 


single,  simple  equation.  However,  because  of  the  drift  spaces  between 
cavities,  the  Monotron  Theory  will  always  underestimate  the  starting  length 
(current)  and  this  is  verified  by  comparison  with  the  coupled-cavity  theory. 
It  can  be  shown  that  the  beam  comes  close  to  giving  up  the  maximum  amount 
of  power  to  the  structure  that  it  can  when  the  field  distribution  in  the 
structure  is  sinusoidal  and  the  slow  space-charge  wave  on  the  beam  has  the 
same  phase  shift  per  cavity  as  the  structure  fields.  These  conditions 
determine  the  minimum  start-oscillation  length  at  cutoff.  In  this  case, 
Wessel-Berg's  start-oscillation  equation  becomes: 


1 


where 


=  number  of  cavities  in  the  structure, 

=  unloaded  Q  of  a  single  cavity, 

=  interaction  parameter  for  a  single  cavity, 

=  periodic  length  of  the  structure, 

=  gap  length  of  a  cavity, 

,  =  external  Q's  representing  loading  produced  by 

couplers  in  the  end  cavities,  and 
=  beam  impedance 

■  ^  • 

Thus,  if  one  only  needs  an  estimate  of  the  starting  length  at  cutoff  he 
can  avoid  the  large  amount  of  numerical  work  required  by  the  coupled-cavity 
theory  and  use  the  above  equation. 

This  will  be  considered  in  more  detail,  as  well  as  the  results  of  the 
more  genera^  theory,  in  a  comprehensive  technical  report  of  this  study 
now  in  preparation. 
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I CENTIPEDE  TVr 


A  INTRODUCTION 

The  objective  of  th:s  project  is  to  study  the  electron  bea.m-slov  wave 
clrcuir  interact  lor.  :n  a  high  pow*=-r  t  ravel  lng- wave  tube.  Tne  centipede 
slow  wave  structure  lias  proven  to  be  one  of  the  most  satisfactory  structures 
for  a  h'.g!  power  TW^  at  :  w.,1  be  used  m  this  study  ^ 1  ^  The  method  of 

investigation  will  be  to  measure  the  amplitude  and  phase  of  the  cavity 
fields  of  the  centiped-'  while  it  is  mounted  on  the  electron  stick  and  is 
being  operated  as  a  TVT  These  measurements  lr.  conjunction  with  a  suitable 
equivalent  circuit  for  the  centipede  win  be  used  to  calculate  the  amplitude 
and  phase  of  the  rf  beam  current  In  each  centipede  cavity.  Since  the 
equations  relating  t.he  structure  field  quantities  are  inherently  linear 
the  beam  current  can  be  found  under  both  small  and  large  signal  conditions. 

The  results  of  this  study  win  be  of  utmost  value  in  optimizing  the 
many  parameters  affecting  the  beam  circuit  Interaction.  Measurements  of 
amplitude  and  phase  over  a  particular  region  will  be  possible.  9uch  as  at 
a  sever  and  in  the  output  section  of  a  tube.  It  is  hoped  that  insight 
gained  from  this  study  will  make  possible  high  power  traveling  wave  tubes 
of  higher  efficiency  and  greater  saturated  bandwidth 

B.  DISCUSSION 
1 .  Experimental  Progress 

The  fields  inside  each  centipede  cavity  are  sampled  by  a  small;  movable 
loop  probe  which  is  coupled  to  the  fields  by  small  rectangular  slots  located 
between  the  feed  of  adjacent  centipede  loops  as  shewn  lr  Fig.  2.1,  The 

^M.  Chodorov;  A,  F.  Pearce  and  D.  K.  Winslow.,  "The  Centipede  High- 
Power  Traveling  Wave  Tube;"  Microwave  Laboratory  Report  No.  695;  Stanford 
University  (May  i960) 

^Third  Annual  Report  for  Contract  AF  ^0^602)  i8kL;  "The  Centipede 
High-Power  TWT'/'  Microwave  Laboratory  Report  No.  85L.,  Stanford  University 
(August  196l).  -  7  - 


To  probe  measurement 
apparatus 


FIG.  2. 1 --Cross-sectional  view  of  the  centipede  structure 
showing  field  probe  and  coupling  slot  location. 


probe  is  attached  to  a  mechanical  apparatus  which  allows  the  probe  to  move 
over  the  entire  length  of  the  centipede  structure  and  which  allows  precise 
positioning  of  the  probe  over  any  cavity  slot.  The  slots,  which  are  ^>/l6 
by  l/ 16  in.,  were  adjusted  by  trial  and  error  so  that  one  kilowatt  of  power 
at  the  centipede  input  coupler  provides  about  one  milliwatt  of  probe  output 
when  the  probe  is  located  over  one  of  the  slots  close  to  the  input.  The 
fact  that  the  coupling  factor  of  centipede  input  to  probe  output  is  in  the 
order  of  10  ^  means  that  the  slots  are  too  small  to  cause  a  noticeable 
perturbation  of  the  centipede  fields.  Measurements  have  shown  that  probe 
output  between  slots  is  less  >.han  10  pw. 

The  amplitude  of  the  fields  in  each  centipede  cavity  can  be  measured 
by  positioning  the  movable  probe  over  the  coupling  slot  in  a  particular 
cavity  and  by  using  a  crystal  detector  to  measure  the  probe  output.  Since 
the  centipede  fields  are  pulsed,  a  peak  reading  voltmeter  was  built  which 
gives  a  dc  output  proportional  to  the  peak  of  the  pulse.  The  apparatus 
that  controls  the  position  of  the  probe  is  motorized  so  that  the  probe  can 
be  made  to  sweep  over  all  of  the  cavity  slots  quickly,  producing  a  slot 
amplitude  pattern.  This  pattern  is  thus  a  periodic  sampling  of  the  amplitude 
of  the  centipede  field  over  the  beam-circuit  interaction  length. 

An  initial  cold  test  experiment  was  set  up  to  test  this  measurement 
apparatus.  The  centipede  was  assembled  with  the  traveling  probe,  a 
standard  input  coupler,  a  carbonized  ceramic  sever  for  a  load,  and  a 
dummy  section  of  electron  stick  placed  on  the  axis.  Assuming  that  the 
coupling  coefficients  of  all  the  slots  are  the  same,  and  that  the  structure 
has  loss,  the  slot  amplitude  pattern  for  a  reflectionless  sever  should  be  a 
decaying  exponential  curve  as  shown  in  Fig.  2.2.  The  centipede  loops  have 
been  sprayed  with  Kanthal  and  the  resultant  fundamental  passband  attenua¬ 
tion  is  about  l/2  db/section  at  PL  =  jt/2  .  Accordingly,  the  exponential 
decay  in  Fig.  2.2  corresponds  to  l/2  db/section.  However,  the  measured 
slot  amplitude  pattern  showed  that  objectionable  standing  waves  existed 
in  the  slow-wave  structure  terminated  by  a  sever  Figure  2.3  shows  a 
typical  amplitude  pattern  near  (3L  =  jt/2  .  While  the  pattern  is  regular 
and  certainly  indicates  that  standing  waves  are  present,  it  is  impossible 
to  tell  how  much  variation  exists  in  the  slot  coupling  coefficients.  Since 
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tiie  relied  ion  coefficient  at  the  sever  is  unknown,  it  is  difficult  to 
calculate  the  theoretical  amplitude  pattern  from  transmission  line  theory. 

One  solution  to  the  above  problem  is  to  replace  the  sever  with  a 
shorting  piur.e,  making  sure  that  the  short  coincides  with  a  centipede  plane 
of  symmetry.  Then,  if  a  square-law  detector  is  used  with  the  traveling 
probe,  • .he  detector  voltage  output  can  easily  oe  found  to  be 


■iti  ,  cosh  33(n  +  1 


n)  +  "Qs  2ft (N  +  -n) 

2  ' 


(SM) 


where 

N  =  the  total  number  of  slots, 

n  =  1,  i,  ,  N(n  is  the  slot  number,  and  the  slots  are 

numbered  consecutively  from  the  input).  Note  that  slot  N 
is  one  periodic  length  away  from  the  short. 

As  shown  in  Fig.  2  4,  experimental  slot  amplitude  patterns  have  snown  good 
agreement  with  Eq.  (2.1)  despite  experimental  errors  of  t  5^  in  power 
measurement.  The  phase  constant  0  in  Eq.  (2.1)  was  made  equai  to  n/2 
radians/section,  and  cc  was  adjusted  so  that  experimental  and  computed 
amplitudes  were  the  same  at  slots  6  and  7-  A  comparison  of  the  measured 
and  computed  amplitudes  in  Fig.  2.4  shows  that  the  coupling  coefficients 
of  slots  4  and  14  are  definitely  lower  than  for  the  other  slots. 

A  simple  phase  measurement  technique  has  been  devised  to  measure  the 
phase  of  fields  in  one  centipede  cavity  with  respect  to  another.  The 
microwave  signal  from  the  traveling  probe  is  directed  into  one  end  of  a 
waveguide  slotted  line,  and  a  sample  of  the  reference  power  driving  the 
input  of  the  centipede  is  applied  to  the  other  end.  Phase  of  the  fields 
in  one  cavity  with  respect  to  another  is  measured  by  observing  the  shift 
of  a  null  in  the  slotted  line  as  the  traveling  probe  is  moved  from  one 
slot  to  another.  This  is  a  relative  phase  measurement,  and  it  allows  the 
measurement  of  the  large  phase  shifts  seen  between  two  adjacent  eavities 
in  the  centipede.  Phase  shifts  in  range  of  r./h  to  3/4n  are  typical  for 
normal  TWT  operation.  Further  information  about  this  method  can  be  found 
in  the  previous  report  ^ 

^ ^Quarterly  Status  Report  No.  7  for  Contract  AF  30(b02)-2575>  Microwave 
Laboratory  Report  No.  1080,  Stanford  University  (September  1963). 
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FIG.  2.-4--A  comparison  of  theoretical  and  experimental  slot  amplitudes  (3  =  -  rad/section; 
a  =0.36  db/section). 


c  Tncoretical  Progress 

One  of  the  goals  of  the  past  year  has  been  to  find  a  circuit  model 
to  represent  the  fields  in  each  centipede  cavity  The  circuit  shown  in 
Fig  2.5  is  a  representation  of  the  centipede  fundamental  and  loop  modes. 

The  negative  mutual  coupling  of  the  centipede  is  accomplished  in  the  circuit 
crossing  the  wires,  and  the  dispersion  in  the  loop  passband  is  approxi¬ 
mated  by  • he  shunt  tuned  circuit  L,  ,  C,  Another  tuned  circuit,  L  , 

C  ,  is  related  to  the  TM  fundamental  passband.  The  capacitance  C, 
repr  rr.ts  the  effective  electron  beam  gap  in  each  cavity,  while  1  is 
t.h  ffective  rf  beam  current  driving  the  nth  cavity  gap.  Most  important 
ar*  the  cavity  voltage  and  current,  V  and  I  ,  since  they  are  propor¬ 
tional  to  the  cavity  fields.  With  suitable  adjustment  of  the  element  values, 
the  ircuit  provides  an  excellent  approximation  of  the  centipede  fundamental 
and  loop  passbands  as  is  shown  in  Fig.  2.6.  The  circuit  equations  and  the 
details  of  selecting  the  circuit  values  to  match  the  centipede  cold  test 
data  were  given  previously. ^  Since  publication  of  this  report,  the 
circuit  impedance  of  the  circuit  model  has  been  found.  The  circuit 
impedance  is  defined  as 


K 


V 


2 

n 


2((3L)2  P 


where  P  is  the  power  flow  at  the  cavity  gap, 


P  =  i  Re  V  I* 

2  n  n 


(2.2) 


(2  3) 


and  6L  is  the  phase  shift  per  section.  A  straightforward  analysis  using 
the  circuit  equations  and  Eqs .  (2.2)  and  (2.3)  shows  that  the  impedance  is 
given  by 


K 


(i/c1) 


2jt2  k  f'(6L)"  sin  PL  • 


(2.4) 


^Quarterly  Status  Report  No.  6,  Contract  AF  30(602)-2975>  Microwave 
Laboratory  Report  No.  1037  >  Stanford  University  (May  1963). 
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FIG  2.5--Circuit  model  for  the  centiped 


frequency  in  megacycles 


FIG.  2. 6- -A  comparison  of  f  vs  f3L  for  the  centipede  periodic 
circuit  and  its  circuit  model. 
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where 


fb  =  2n  L2C2 

k  -  Cj/f  2 

The  *r'uH  quantities  f,  and  k  were  selected  when  the  circuit  was 

D 

ai.J  .3 ted  to  match  the  centipede  u>-8  diagram.  However,  C  is  still 
arbitrary  so  that  the  circuit  impedance  given  by  the  model  can  be  matched 
at  one  frequency  to  the  experimentally  found  impedance  vs  frequency  curve 
Figure  2. 7  shows  that  reasonable  agreement  is  obtained  over  the  operating 
range  of  the  centipede. 

Another  project  completed  this  year  was  a  small  signal  gain  and  phase 

computation  for  the  centipede  TWT  using  the  analysis  of  Pierce. ^  The 

quantities  x  and  y^  which  are  defined  by  Pierce  and  which  are  related 

to  the  gain  and  phase  of  the  growing  wave,  were  found  using  the  curves  of 

(2) 

Brewer  and  Birdsall.  The  asymptotic  gain  per  section  was  computed  for 
several  beam  voltages,  and  is  shown  in  Fig  2.8.  The  calculated  phase  shift 
per  section  is  shown  in  Fig.  2.9,  along  with  the  cold  test  to-0  diagram. 
While  the  Pierce  theory  has  been  shown  to  be  inadequate  at  the  passband 

(3) 

edges,  a  reasonable  idea  of  the  gain  and  phase  near  synchronism  is 
obtained  In  this  region,  the  gain  curves  of  Fig  2.8  compare  favorably 
with  the  small  signal  experimental  data  obtained  earlier  for  one  model  of 
the  centipede  tube.  For  that  tube  the  maximum  gain  was  about  l.b  db /sect ion, 
and  though  the  corresponding  gain  computed  here  for  the  centipede  mounted 
on  the  electron  stick  is  about  1.3  db/section,  the  beam-circuit  coupling 
has  necessarily  been  reduced  due  to  the  intrusion  of  the  glass  tube  sur¬ 
rounding  the  beam.  The  Pierce  calculation  will  be  used  later  as  a  compari¬ 
son  with  another  more  complex  calculation  and  with  the  experimental  data 
that  will  be  found  for  the  centipede  mounted  on  the  electron  stick. 

,  D.  Van  Nostrand  Co.,  Inc., 

(2) 

v  G.  R.  £rewer  and  C.  K.  Birdsall,  ’'Normalized  Propagation  Constants 
for  a  TWT  for  Finite  Values  of  C  , "  Technical  Memorandum  No.  33l.>  Hughes 
Aircraft  Co.,  Culver  City,  California,  (June  1955). 

(n.) 

v  'R.  W.  Gould,  "Characteristics  of  Traveling -Wave  Tubes  with  Periodic 
Circuits,"  IRE,  Trans.  PGED  (July  1958). 
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'  'J.  R  Pierce,  Traveling  Wave  Tubes 
New  York,  1950,  Chapters  7  and  8. 
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Frequency  in  megacycles 


FIG.  2.7--Circuit  impedance  vs  frequency 


Asymptotic  gain  in  dt/section 


FIG.  2.8--Gain  per  section  for  the  centipede  TWT 
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3.  Future  Plans 


A  snail  signal  gain  and  phase  calculation  based  on  a  paper  by  Gould^  ^ 
is  now  under  way.  This  calculation  includes  the  effect  of  two  circuit  and 
two  electron  bean  waves  and  should  give  a  better  theoretical  estimation  of 
the  centipede  TVT  operation  Since  future  phase  measurements  will  require 
a  good  load  for  the  centipede,  a  load  made  of  several  lossy  centipede  sections 
followed  by  the  usual  carbonized  ceramic  sever  has  been  designed  and  will 
soon  be  cold  tested  Finally,  gain  and  phase  measurements  will  be  made 
with  the  centipede  operating  as  a  travel ing-wave  tube.  These  measurements 
will  be  used  in  conjunction  with  the  equivalent  circuit  described  above  to 
calculate  the  rf  beam  current  along  the  beam-circuit  interaction  length. 


^R.  W.  Gould,  "Characteristics  of  Traveling-Wave  Tubes  with  Periodic 
Circuits,"  IRE,  Trans  FGED  (July  1998). 
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III.  LONG -SLOT  TVT 


A.  INTRODUCTION 

The  objective  of  this  project  has  been  to  investigate  the  long-slot 
traveling-wave  tube  which  is  capable  of  giving  larger  bandvidths  than  any 
c!  *  he  megawatt  tubes  of  this  type  and  to  improve  its  performance  and  stabili¬ 
ty  characteristics.  Tests  on  the  first  model  of  the  long-slot  coupled 

circuit  TWT  indicated  its  potentialities  as  a  broadband,  high-power 

( 1 ) 

amplifier  with  good  electronic  efficiency.  This  first  tube  l.ad,  in 
addition  to  the  upper  passband  oscillations  and  pulse-edge  oscillations, 
a  low  frequency  oscillation  associated  with  the  passband  arising  from  the 
coupling  slots.  The  long-slot  circuit  uses  coupled  cavities  in  which  the 
coupling  is  accomplished  through  circiiraferential  slots,  resonant  at  a 
lower  frequency  than  the  fundamental  forward  wave  operating  passband.  Work 
has  been  directed  toward  optimizing  the  circuit  parameters  to  obtain  good 
amplifier  characteristics  and  toward  the  suppression  of  undesired  modes  to 
improve  the  stability  of  the  amplifier. 

A  method  has  been  devised  to  suppress  the  lower  frequency  slot-resonance 
mode,  and  cold  test  studies  have  been  carried  out,  directed  toward  selective¬ 
ly  loading  the  higher  frequency  modes.  The  loading  scheme  used  for  the 

higher  frequencies  consists  of  an  external  lossy  waveguide  which  is  coupled 

(2) 

periodically  to  each  cavity  of  the  long-slot  structure.  By  adjusting 
the  cutoff  frequency  of  the  attached  waveguide  and  the  resonant  frequencies 
of  the  coupling  slots  to  the  external  guide,  not  only  can  the  upper  modes 
be  attenuated  but  also  sufficient  attenuation  should  be  available  to  suppress 
the  pulse-edge  oscillations  at  the  high  frequency  cutoff  of  the  operating 

^Second  and  Third  Annual  Reports  for  Contract  AF  19(602)-l844) , 
Microwpve  laboratory  Report  Nos.  773  and  854,  Stanford  University,  (January 
1961  ai  d  February  1962). 

(2) 

'  'First  Annual  Report  for  Contract  AF  30(6o2)-2575>  Microwave  Laboratory 
Report  No.  980  Stanford  University,  (Nov.  1962).  Note  that  this  method  is 
similar  to  that  used  in  Part  I  of  this  report. 
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band.Thi;  type  o'*  at\( 'it.:,  lor.  is  particularly  attractive  since  at  the  operat¬ 
ing  frequencies  of  the  tube,  the  atte.nuution  is  almo3t  in  a  field  free  region 
and  thus  imposes  no  power  limitations  on  the  tube. 

During  this  contract  year,  a  long-slot  travel ing-wave  tube  structure 
lias  been  adapted  for  use  on  the  electron  stick  as  well  as  for  continuing 
the  coid  test  evaluation  of  the  attenuation  provided  by  the  lossy  external 
waveguides.  Also  an  initial  set  of  experiments  has  been  performed  on  the 
electron  stick  for  different  lengths  of  structure  with  and  without  kanthal 
attenuation  and  with  different  slot  lengths.  The  electron  stick  is  certainly 
a  valuable  instrument  for  evaluating  the  stability  characteristics  of  a 
structure  when  operating  as  a  tube.  For  example,  oscillations  were  observed 
■r  a  frequency  corresponding  to  the  lower  frequency  slot  mode  with  nine 
cavities  with  coupling  slots  of  one  length.  However  no  oscillations  were 
observed  In  this  mode  when  the  structure  length  was  Increased  to  as  many 
as  thirty  cavities  which  had  kanthal  loss  and  with  an  appropriate  staggering 
of  slot  lengths.  The  details  of  this  and  other  measurements  are  presented 
in  the  discussion  below 

B.  DISCUSSION 

The  work  during  the  past  year  has  been  directed  toward  the  evaluation 
of  the  methods  of  suppression  of  the  unwanted  modes  of  the  long  slot  struc 
ture  when  operating  as  a  tube  on  the  electron  stick  The  cold  test  evalua¬ 
tion  of  the  attenuation  provided  by  an  external  lossy  waveguide  coupled 
to  each  cavity  of  the  structure  through  resonant  coupling  slots,  has  been 
reported. ^  Next,  the  long  slot  structure,  with  an  appropriate  input 
coupler,  sever,  and  probe  for  sampling  power  for  relative  gam  measure¬ 
ments,  was  adapted  to  and  constructed,  for  use  on  the  electron  s  ick 
These  cold  tests  were  made  with  the  electron  stick  in  position  so  that 
measurements  made  on  the  stick  would  be  consistent  with  the  cold  test 
results.  The  input  standing-wave  ratio  of  the  coupler-sever  combination 
was  better  than  2  to  L  throughout  the  operating  passband.  A  number  of 
sections  were  shorted  in  the  usual  way  and  the  o>-|3  diagram  with  and 

^Quarterly  Status  Report  No.  5  for  Contract  AF  30(602)~2979 , 

Microwave  Laboratory  Report  No.  1012,  Stanford  University,  (March  19fc>3). 
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without,  the  electron  stick  is  shown  in  Fig  3.1.  Since  one  of  the  struc¬ 
tures  is  conposed  of  sections  with  slots  of  different  lengths,  the  u>-3 
diagram  for  a  number  of  sections  with  all  long  slots  or  all  short  clots 
is  shown  wit.  and  without  the  electron  stick. 

Different  combinations  of  structures  were  then  counted  on  the  electron 
stick  in  order  to  observe  the  effect  of  these  combinations  on  the  stability. 
The  structure  combinations  used  were  the  following: 

(a)  a  structure  conposed  of  two  disks  with  long  slots  followed  by 
twv.  disks  with  short  slots,  two  long,  two  short,  etc.,  with  two  long 
slo-  disks  at  both  the  coupler  and  sever  with  kanthal  loss  on  the  disks 
only; 

(b)  structure  as  in  (a)  except  with  no  kanthal  loss; 

(c)  structure  with  long  slots  only. 

The  length  of  all  the  structures  could  be  easily  changed  on  the  electron 
stick.  Except  for  the  size  of  the  drift  tube  which  has  been  increased 
from  three-quarters  of  an  inch  to  seven-eights  of  an  inch,  and  the  per¬ 
turbation  of  the  electron  stick,  the  structure  used  here  is  the  same  as 
that  used  in  the  previous  tube.^  This  allows  comparison  between  the 
observations  here  on  the  electron  stick  and  observations  of  previous  measure¬ 
ments  on  the  completed  tube.  This  comparison  is  given  in  Table  3-I-  In 
general,  this  table  illustrates  that  under  certain  conditions  the  oscil¬ 
lations  observed  with  the  electron  stick  have  approximately  the  same 
frequency  as  those  of  the  previously  completed  tube  Shown  in  Table  3-1 
are  typical  frequencies,  the  lengths,  the  structure  combination,  and  the 
starting  voltage  of  the  oscillations.  For  example,  with  the  long-slot 
sections  only,  (c)  above,  nine  sections  had  start  oscillations  at  69  kV, 
but  when  the  structure  was  mixed  as  in  (b),  the  length  was  increased  to 
13  sections,  starting  at  72  kV  with  the  observed  frequency  of  2808  Mc/sec. 
Note  that  this  frequency  is  approximately  twice  that  of  the  lower  frequency, 
l4l4  Mc/sec,  and  it  is  not  clear  why  this  frequency  was  observed  as  the 
oscillation  frequency.  Note  that  as  the  voltage  increased  to  88  kV,  still 

^ Second  and  Third  Annual  Reports  for  Contract  AF  19(602)-l844, 
op.  clt. 
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Frequency  ( Me/ sec 


TABUS  3.1 


FREQUENCIES  OF  OBSERVED  OSCILLATIONS  IN  THE  LONG-SLOT  STRUCTURE 


Tube  I 


(1) 


Electron  Stick 


Freque. cy  Frequency 

( Me /sec )  Remarks  (Mc/sec )  Remarks 


1490 

Slot  mode  frequency 

14 14 

Long-slot  sections  only 
9  sections  starting  at 
69  kV 

2980 

Begins  at  4o  kV 

2808 

Long-slot  only 

multiple 

8  sections  starting  at 

of  1490 

Mc/sec 

73  kV 

304o 

Intermittent 

4470 

Disappears  above  120  kV 

2808 

Mixed  structure 

15  sections  starting  at 
72  kV 

51*1*0-5470 

Higher  mode  oscillations 

5340 

Mixed  structure 

17  sections  starting  at 
88  kV 


with  13  sections,  that  the  53^0  Mc/sec  oscillation  takes  over  and  is  the 
stronger  of  the  oscillations  at  the  increased  voltage.  It  is  interesting 
and  informative  to  plot  the  voltage  and  frequency  at  the  start  of  oscil¬ 
lations  for  different  numbers  of  sections  of  different  types  as  in  (b), 
and  (c)  above  on  the  uHJ  diagram  shown  in  Pig.  3.1.  Shown  on  the  graph 
are  the  lengths  of  structures  and  voltages  at  which  the  oscillation  started. 
At  approximately  .2800  megacycles  are  plotted  the  oscillations  observed  with 
mixed  structures,  composed  of  13,  15/  17/  etc.,  sections.  The  length  is 
the  number  of  sections  in  that  structure.  Then  in  the  53^0  Mc/sec  region, 
the  TW  of  the  structure  is  causing  the  oscillations.  Note  that  as  the 
structure  length  is  decreased,  the  voltage  at  which  oscillations  are 
observed  increases.  Again,  the  oscillations  observed  at  about  2800  Me 
cannot  be  explained  since  no  mode  has  been  observed  in  cold  test  measure¬ 
ments.  Hence  the  oscillations  at  the  2800  frequency  region  have  also  been 
placed  on  the  graph  at  approximately  half  this  frequency,  at  llOO  megacycles, 
and  are  so  labeled  13  M,  15  M,  17  M,  19  M  and  21  M,  in  (b)  above.  The 
observation  was  made  of  a  mixed  structure  30  sections  long  with  kanthai 
on  the  disks  and  no  oscillations  at  any  voltage  up  to  90  kV  were  observed. 

The  limiting  voltage  of  90  kV  was  the  voltage  at  which  stick  oscillations 
began  and  affected  the  measurements  for  higher  voltages.  The  attenuation 
due  to  kanthai  disks  was  about  0.1  to  0.2  db  per  period  and  so  should  not 
degrade  the  overall  characteristics  of  the  tube  appreciably.  It  is  further 
to  be  noted  here  that  oscillations  at  the  cutoff  frequency  of  the  operating 
band  at  approximately  1200  Mc/sec  were  not  observed.  These  oscillations 
would  probably  have  been  observed  if  other  modes  had  been  suppressed.  The 
measurements  of  gain  by  means  of  a  probe  located  in  the  sever  were  not 
successful.  For  this,  the  power  was  measured  at  the  probe  with  the  beam 
on  and  the  beam  off  at  the  same  drive  power.  These  measurements  were  in¬ 
consistent  in  two  different  ways.  First,  the  output  power  did  not  increase 
as  the  input  power  was  increased  and  second,  an  increase  in  length  did  not 
give  a  corresponding  increase  in  gain.  This  probe  was  moved  to  several 
different  positions  in  the  sever  with  no  improvement  in  the  consistency 
of  the  measurements. 
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In  summary,  a  number  of  measurements  have  been  made  on  the  stability 
characteristics  of  the  long  slot  TWT.  The  shortest  length  at  which  oscil¬ 
lations  were  observed  was  with  8  sections,  all  of  the  6ame  slot  length  as 
in  (c),  above.  These  were  in  the  lower  3lot  mode  at  about  1^00  M~/sec 
beginning  at  about  70  kV  With  a  nixed  structure,  as  in  (b)  above,  13 
sections  were  needed  at  that  voltage  for  the  beginning  of  oscillations. 
However,  with  kanthal  disks  no  oscillations  were  observed  to  90  kV.  Further 
work  will  include  the  mounting  of  tht  external  waveguide  to  control  the 
stability  of  the  tube  at  higher  frequencies,  namely  the  5350  Mc/sec,  and 
the  upper  cutoff  of  the  operating  band.  Gain  measurements  to  evaluate 
the  effect  of  the  attenuation  schemes  should  also  be  included. 


IV.  NONFERICDIC  DIELECTRIC -LINED  TRAVELING -WAVE  TUBES 

A.  INTRODUCTION 

The  main  concern  of  this  project  is  the  potentialities  of  high  \ oitage 
(order  of  100  kV)  traveling- wave  and  related  (e.g.,  distributed-interaction 
klystron)  tubes  whose  rf  structures  are  simply  uniform,  homogeneous  sleeves 
of  dielectric  inside  a  copper  shell.  The  high  voltage  corresponds  to  die¬ 
lectric  constants  less  than  10  in  such  tube  designs  and  when  combined  with 
modest  bandwidths  (not  over  3C$)  close  to  the  TM*  mode  cutoff,  the  same 
high  interaction  impedance  and  gain  obtainable  with  periodic  structures  is 
to  be  expected.  In  addition,  the  possibility  of  using  high-thermal -con¬ 
ductivity  beryllia  ceramic  as  the  dielectric  should  permit  exceptional ly 
high-power  capacity  at  a  given  wavelength.  What  should  make  the  nonperiodic 
structure  especially  superior,  however,  as  compared  with  periodic  structures, 
is  the  freedom  from  spurious  oscillations  due  to  n-modes,  backward  space- 
harmonic  waves  and  nearby  extra  passbands. 

B.  PRESENT  STATUS 

After  choosing  an  S-band  structure  design  compatible  with  the  standard 
beam  optics,  and  theoretically  and  experimentally  establishing  its  inter¬ 
action  impedance  and  bandwidth,  as  well  as  demonstrating  the  feasibility 
of  input/output  couplings  to  it,  the  crucial  problem  in  a  reduction  to 
practice  is  getting  the  electron  beam  through  the  central  tunnel  in  the 
dielectric.  Thi6  problem  is  also  the  major  concern  of  the  electron  stick 
(see  Parts  I,  II,  III  and  V  of  this  report),  and  the  continuation  of 
dielectric-structure  work  was  postponed  pending  the  final  outcome  of  the 
stick  project. 

The  beam  tunnel  of  the  electron  stick  is  lined  with  a  50  T.P.I.  tungsten- 
wire  helix,  rather  than  a  continuous  resistive  film,  mainly  because  the 
helix  does  not  significantly  load  or  perturb  the  TM°^-type  waves  of 
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externally-applied  rf  structures,  but  also  because  of  thermal  considerations . 
However,  the  helix  supports  waves  peculiar  to  itself  such  that  spurious 
backward-wave  oscillations  arise  over  a  wide  range  of  beam  voltages.  Some 
configurations  of  resistance-coated  ffylar  washers  stacked  external  to  the 
3tick  were  found  to  control  these  spurious  oscillations,  through  dissipative 
loading,  without  excessive  perturbation  of  most  of  the  present  periodic 
structures,  but  they  would  be  incompatible  with  the  proposed  nonperiodic 
structures.  The  remaining  alternative  is  to  modify  the  helix  wire  itself, 
regaining  a  core  of  tungsten  -  or  molybdenum  -  (as  the  only  refractory 
metals  with  a  sufficiently  low  dc  resistivity  and  a  thermal-dilatation 
match  to  a  low-loss  glass)  under  a  3kin  of  high  rf-resistlvity  material, 
which,  of  course,  "sees”  the  spurious  helix  wave  but  not  the  TM°^  waves 
to  which  the  helix  is  "transparent."  As  the  skin  coating,  kanthal  is 
ruled  out  because  of  its  thickness,  brittleness,  and  inclination  to  inter¬ 
fere  with  attachment  to  the  glass  wall.  Electroplated  iron  is  the  remaining 
alternative,  subject  to  its  retention  of  a  high  magnetic  permeability,  which, 
rather  than  the  modest  resistivity,  leads  to  reduced  skin  depth  and  high 
rf  resistance. 

After  a  long  search,  and  unsuccessful  attempts  by  another  electrochemical 
facility,  only  the  Sylvania  plant  in  Towanda,  Pennsylvania,  was  found  both 
willing  and  able  to  supply  the  required  (0.010  in.  diam.)  tungsten  wire  with 
an  adherent  iron  plating.  They  did  find,  however,  that  a  uniform  coating 
could  not  be  made  less  than  0.0005  in.  thick  (order  of  50  skin  depths). 

Various  wire  samples  were  made  in  the  inner  conductor  of  coaxial  cavities 
such  that  measurements  yielded  the  information  that  the  iron  plating, 

-s  shipped,  raised  the  rf  resistance  at  3  Gc/s  tenfold  (p  ~  60).  The 
effect  on  this  result  of  variously  oriented  steady  magnetic  fields  of  the 
magnitudes  common  to  focusing  solenoids  was  found  to  be  negligible  and 
ferromagnetic  resonance  was  not  encountered.  As  well  as  can  be  estimated 
from  available  B.W.O.  theory,  a  tenfold  increase  in  helix  wire  loss  could 
raise  the  start-of-oscillation  current  20-  to  100-fold,  assuming  800  to 
Lr;0C  ohms  to  be  the  most  likely  value  of  (transverse  impedance)  for 

Uk  pr  'sent  helix  excited  as  if  virtually  all  the  wave  energy  exists  in 
the  2f  t.  j  49  turns -per-vavelength  field  configuration  of  the  space  harmonic 
responsible  for  the  oscillations.  (Corresponding  wire-loss  figures  are 
0- 01 -0.02  and  O.Ci-0-02  db/turn,  with  and  without  iron  plating,  respectively). 
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A  new  electron  stick  tube  vith  a  helix  of  the  iron-clad  wire  has  been 
completed  and  Is  now  being  activated.  The  additional  annealing  which 
accompanies  tube  processing  should,  if  anything  farther  increase  che  u 
of  the  iron.  Difficulties  were  encountered  when  the  excessive  thickness 
of  the  iron  introduced  thermal -dilatation  mismatch  with  the  glas3,  tut 
alteration  of  the  temperature,  etc.,  used  in  shrinking  the  glass  onto 
the  wire,  yielded  usable  electron  sticks.  The  wire  is  less  intimately 
bonded  to  the  glass  than  before,  but  the  structure  is  acceptable  for  t.ae 
present.  Tf  tests  prove  the  spurious  waves  have  been  suppressed,  attempts 
to  modify  the  deposition  of  iron  so  as  to  interfere  less  with  the  glass 
shrinking  will  be  Justified. 

Proof  of  oscillation  control  by  the  iron  prating  will  also  Justify 
resumption  of  active  design  and  hot  testing  of  nonperiodic  dielectric 
structures.  Present  thinking  is  that  a  resonated  length  of  dielectric 
structure  serving  as  the  output  cavity  of  a  distributed-interacticr.  klystron 
built  around  the  new  stick  may  yield  hot  data  with  the  reast  construction 
effort.  Plans  for  millimeter  tubes  (which  must  resort  to  the  resistive- 
film  type  of  tunnel  lining  that  does  attenuate  TM^  waves)  and  investigation 
of  anisotropic  dielectrics  (which  are  not  yet  available  in  usable  form) 
were  not  actively  pursued  this  year. 
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V.  EXTENDED- INTERACTION  KLYSTRONS 


A  INTRODUCTION 

In  the  generation  of  microwave  power  at  megawatt  levels  one  is  faced 
with  the  twofold  problem  of  realizing  a  maximum  of  gain-bandwidth  product 
while  expending  a  minimum  of  costly  dc  energy,  i.e.,  while  achieving  high 
conversion  efficiency.  As  has  been  demonstrated  by  theory  and  experi¬ 
ment,^'^  extended-interaction  klystrons,  with  cavities  consisting  of 
resonated  sections  of  slow-wave  structure,  are  highly  satisfactory  in 
both  respects;  it  is  the  purpose  of  this  project  to  further  pursue  the 
investigation  of  this  type  of  tube.  Our  work  has  been  mainly  concerned 
with  the  search  for  a  suitable  high-velocity  circuit,  and  the  beam-testing 
of  such  a  circuit,  with  the  ultimate  objective  of  designing  a  high-power 
klystron  which  realizes  to  the  limit  all  the  potential  advantages  of  extended 
interaction.  For  convenience,  the  beam  tests  are  being  conducted  by  means 
of  the  electron  stick  described  earlier.  The  electron  stick  is  a  100  kV 
pulsed  electron  beam  with  a  perveance  of  2.0  x  10  enclosed  in  a  slender 
evacuated  glass  tube  which  can  be  inserted  into  the  structure  to  be  tested 
without  any  need  for  further  evacuation.  The  great  flexibility  offered 
by  such  an  arrangement  is  an  obvious  and  important  advantage  over  vacuum- 
enclosed  systems;  as  might  be  expected,  one  pays  a  price  for  this  in  the 
form  of  some  decisive  design  and  operational  constraints  which  are  discussed 
below. 

The  theory  predicts  that  the  gain-bandwidth  product  of  an  extended- 
interaction  klystron  increases  with  the  Pierce  impedance  of  the  resonated 

^M.  Chodorow,  T.  Wessel-Berg,  "A  High-efficiency  Klystron  with 
Distributed  Interaction,"  IRE,  Trans.  PGED,  ED-8,  44-55  (jan.  1961). 

(2) 

'  yT.  Wessel-Berg,  "Space-charge  Wave  Theory  of  Interaction  Gaps  and 
Multi-cavity  Klystrons  with  Extended  Fields,"  NDRE  Report  No.  32,  Norwegian 
Defense  Research  Establishment,  KJeller,  Lillestr^m,  Norway  (Sept.  i960). 
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slow-wave  structures.  Consequently,  the  first  part  of  our  work  was  devoted 
to  the  investigation  of  planar-type  structures  which  were  known  to  have  good 
interaction  impedance.  The  results  of  this  investigation  l.ave  been  described 
in  detail. ^  However,  the  combination  of  the  planar  circuit  with  the 
circular-symmetric  electron  stick  was  seen  to  lead  to  a  low  interaction 
impedance  at  the  beam  due  to  the  high  average  separation  of  beam  and 
circuit;  this  separation  reflects  the  misalliance  of  chape  as  well  as  the 
physical  presence  of  the  glass  envelope  surrounding  the  beam  (e.g.,  at  a 
frequency  of  2.o9  Gc  and  with  an  80  kV  beam  one  finds  that  near  synchronism 
7a  =  1.23)  .  On  the  other  hand,  "shaping"  the  planar  circuit  to  more  nearly 
conform  to  the  beam,  and  thus  give  higher  impedance  on  the  beam  axis,  led 
one  consistently  back  to  a  stub-supported  ring-bar  structure,  so  that  the 

latter  circuit  becomes  an  obvious  choice  for  use  on  the  electron  stick. 

(2) 

The  detailed  design  of  ouch  a  circuit  has  been  given  earlier. 

An  operational  problem  is  posed  by  the  tendency  of  the  electron  stick 
to  oscillate  with  the  (-1)  space  harmonic  of  the  thin-vire  tungsten  helix, 
whose  role  was  included  to  prevent  the  inside  of  the  glass  tube  from 
accumulating  negative  charge  Aside  from  the  general  undesirability  of 
having  a  strong  parasitic  signal  on  the  beam,  particularly  during  snail- 
signal  measurements,  it  also  turned  out  that  the  presence  of  the  backward 
wave  on  the  beam  drastically  reduces  the  backward  insertion  loss  between 
cavities  and  thus  encourages  feedback  instability,  making  klystron  operation 
in  the  presence  of  these  oscillations  virtually  impossible.  To  date,  the 
only  practical  way  to  suppress  the  oscillations  has  been  to  stack  resistance- 
coated  ftylar  washers,  spaced  by  thin  polyfoam  washers,  in  available  open¬ 
ings  in  the  circuit  under  test.  The  use  of  an  iron-plated  tungsten  helix 
which  is  presently  being  installed  may  eliminate  the  oscillation  problem 
more  efficiently,  however.  An  adaptation  of  the  Mylar-washer  scheme  to 

(3) 

t he  stub -supported  ring-bar  circuit  has  been  described.  '  Due  to  the 
close  spacings  of  this  circuit,  loading  of  radial  fields  by  the  Mylar 

^Microwave  Laboratory  Report  No.  9^7,  First  Annual  Report  for 
Contract  AF  30(602)-2575,  Stanford  University,  (December  1963). 

(2) 

'  'Microwave  Laboratory  Report  No.  1012,  Quarterly  Report  No.  5  for 
Contract  AF  30(6o2)-2575,  Stanford  University,  (March  1963). 

(3) 

'  'Microwave  Laboratory  Report  No.  1037,  Quarterly  Report  No.  6  for 
Contract  AF  3o(6o2)-2975,  Stanford  University,  (August  1963). 
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washers  has  been  difficult  to  prevent.  The  arrangement  used  represents 
the  heaviest  ohmic  and  dielectric  loading  on  the  circuit  which  was  still 
deemed  tolerable,  i.e.,  which  still  permitted  the  excitation  of  distinguish¬ 
able  longitudinal  resonances  in  the  cavity.  On  the  other  hand,  this  amount 
of  loading  provided  to  be  insufficient  to  suppress  the  parasitic  oscillation, 
at  beam  voltages  of  interest,  when  the  loaded  section  of  ring -bar  structure 
exceeded  a  certain  length. 

The  choice  of  S-band  operation  wus  a  matter  of  convenience  in  using 

equipment  readily  available.  Clearly  the  rapid  decay  of  fields  away  from 

the  circuit,  at  S-band  frequencies,  implies  a  sacrifice  both  in  strength 

and  in  uniformity  of  the  fields  available  for  beam  interaction.  However, 

since  the  significant  interaction  parameter  for  a  klystron  cavity, 

MR  /Q  ,  is  proportional  not  only  to  the  Pierce  impedance  of  the  resonated 
sn 

structure  but  also  to  its  length,  it  was  hoped  that  the  loss  in  beam  inter¬ 
action  due  to  field  decay  could  be  made  up  by  using  a  longer  interaction 
length,  ifth  monotron  oscillations  of  the  long  cavity  being  prevented  by 
heavy  external  loading.  The  final  design  of  a  coupler  to  permit  the 
tightest  possible  coupling  to  the  stub-supported  ring-bar  structure  has 
also  been  described. ^ 

Since  bandwidth  and  efficiency  in  a  multicavity  klystron  are  mainly 

determined  by  the  output  cavity,  it  was  decided,  as  a  further  expedient, 

to  limit  an  initial  experiment  to  the  study  of  the  demodulation  of  an 

appropriately  bunched  high-power  beam  by  an  extended-interaction  output 

cavity.  The  desirable  broadband  bunching  action  of  a  stagger-tuned 

succession  of  input  and  intermediate  cavities  was,  in  effect,  simulated 

by  using  two  conventional  narrow-band  klystron  cavities  which  are  tunable 

(2) 

so  as  to  track  the  wide  band  of  a  heavily  loaded  output  cavity. 

The  complete  experimental  arrangement,  then,  consists  of  a  tunable 
two-cavity  input  or  bunching  section,  using  simple  re-entrant  cavities, 
which  is  followed  by  a  fixed-tuned,  heavily -loaded,  extended-interaction 
output  cavity  (Fig.  5.1)  Beam  tests  with  this  arrangement  have  been 
completed  during  the  last  interval  and  are  discussed  in  detail  below. 

^ ^Microwave  Laboratory  Report  No.  1037  Quarterly  Report  No.  6  for 
Contract  AF  30(602)-2575,  Stanford  University,  (August  1963). 

(2) 

'  'Microwave  laboratory  Report  No.  1012,  Quarterly  Report  No.  5  for 
Contract  AF  30(602)-2575,  Stanford  University,  (March  1963). 


B.  DISCUSSION 


a  Beam  Tests  of  an  S-band  Hybrid  Tube 
a.  Denign  parameters 

The  output  cavity  in  its  final  form  consists  of  a  resonated  three- 

inch  section  of  stub -supported  ring-bar  structure,  comprising  a  total  of 

15  rings  or  7*5  periodic  lengths.  The  cavity  can  be  made  shorter  by  use 

of  a  movable  endplane.  It  is  designed  to  operate,  when  placed  on  the 

ei-ctron  stick,  around  a  center  frequency  near  2.65  Gc,  corresponding  to 

a  phase  shift  of  0.2n  radians  between  successive  rings.  Phase  velocity 

is  v  /c  c  0.^*5  and  group  velocity  is  v  /c  =  0.0365  .  The  normalized 

P  6 

shunt  impedance  on  the  axis  is  R^/Q^  =  66*5  ohms  per  resonant  wavelength; 
this  does  not  include  any  impedance  reduction  effected  by  loading  the  cir¬ 
cuit  with  the  resistance-coated  ^ylar  washers,  since  impedance  measure¬ 
ments  cannot  be  made  under  heavily  loaded  conditions. 

The  input  and  intermediate  cavities  are  basically  identical  to  those 
used  in  the  Stanford  L  272  klystron,  made  tunable  over  the  range  2.6  - 

2  95  Gc  by  the  addition  of  a  tuning  plunger  The  R  /Q  on  the  axis  is 

(  1  ) 

130  ohms;  the  transit  angle  at  80  kV  and  2.65  Gc  is  6pD  ®  1.0  radians.  ' 

The  drift  tubes  and  the  ring-bar  circuit  have  an  I.D.  =  0.875  in.; 

for  the  latter,  this  implies  7a  =  6  a  =  1.23  at  2.65  Gc  and  80  kV.  The 

c 

drift  lengths  are  adjustable 


2.  Measured  Results 

Initial  beam  tests  involved  an  output  resonator  eight  inches  (four 
resonant  wavelengths)  long,  but  in  these  tests  the  amplified  signal  was 
found  to  be  quite  unstable  in  amplitude.  The  active  length  of  the  cavity 
was  then  reduced  by  means  of  the  movable  endplane,  with  the  remaining 
length  made  inactive  by  wrapping  the  electron  stick  with  lossy  cloth. 

With  this  arrangement  the  signal  did  become  stable;  however,  since  the 
coupler  end  of  the  cavity  had  to  remain  active,  only  the  gun  end  could 
be  masked  off,  and  thus  the  drift  distance  from  the  buncher  section  became 


'^This  corresponds  to  a  gap  width  of  0.34  in.  The  electron  stick 
within  the  drift  tubes  was  wrapped  with  Eccosoro  SC  200  "space  cloth"  to 


suppress  oscillations;  the  klystron  gaps  were  centered  over  1.05  in.  long 
gaps  in  this  wrapping.  This  arrangement  resulted  in  =  600  for  both 
klystron  cavities. 
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excessive.  For  this  reason  the  output  cavity  was  then  Ferr>anently  shortened, 
with  electrical  length  nov  limited  to  a  maximum  of  ^  3n  ,  at  ^.5  Gc 
In  order  to  minimize  feedback  (see  below)  the  drift-tube  sections  between 
cavities  were  completely  removed  and  replaced  by  thick  sleeves  of  lossy 
material  (Eccosorb  LS  26).  The  resultant  assembly  is  shown  in  Fig.  t>.l. 
a.  Cain  measurements 

With  the  output  cavity  adjusted  for  fit  -  2n  ,  the  three -cavity 
synchronous  gain  at  80  kV  is  19  db  with  a  db  bandwidth  of  3*5^  (see 
Fig.  5-2).  The  two-cavity  gain  of  the  tunable  bunching  section,  measured 
unde’*  the  same  loading  conditions,  remains  constant,  ov<  :•  the  range  cf 
interest,  at  li.O  1  1.0  db  For  simplicity,  ail  cavities  w<-re  "riticaiiy 
coupled,  with  -  55  for  the  klystron  cavities,  and  QL  =  35  fer  the 
output  cavity,  including  beam  loading. 

The  three-cavity  gain  with  the  output  cavity  at  L  3 «  was  not 
measured  because  with  this  interaction  length  the  eye* cm  already 
unstable.  While  It  was  thought  at  first  that  the  instability  was  due 
monotroning,  i.e.,  to  insufficient  loading  of  the  output  cavity,  it  soon 
became  evident  that  a  feedback  mechanism  was  involved  whicn  ccrrelatea 
strongly  with  the  presence  of  parasitic  oscillations  on  the  stick.  The 
extent  of  this  correlation  is  illustrated  in  Fig.  5-3,  showing  total 
attenuation  vs  beam  voltage,  at  2.6*+  Gc,  measured  from  the  intermediate 
cavity  towards  the  input  cavity,  i.e.,  looking  backwards  along  the  beam, 
with  drift  tubes  replaced  by  Eccosorb  sleeves.  With  the  output  region 
inactivated  by  lossy-cloth  wrapping  of  the  electron  stick,  one  observes 
a  gradual  decrease  of  attenuation  with  beam  voltage.  This  is  due  in  part 
at  least  to  lower  reflection  losses  in  both  cavities  in  critical  coupling 
(near  80  kV)  is  approached  Note  that  there  are  no  parasitic  oscillations 
in  this  case.  With  the  output  cavity  operative,  however,  strong  oscillations 
at  U . 3  Gc  are  seen  to  begin  near  68  kV,  accompanied  by  a.  sudden  1‘  dl  irop 
in  total  attenuation  of  the  backward  signal.  A  closer  investigation  of  the 
mechanism  involved  is  beyond  the  scope  of  this  work;  its  mere  existence 
shows,  however,  that  klystron  operation  on  the  electron  stick  is  quite 
incompatible  with  the  presence  of  parasitic  oscillations. 

The  observed  stability  behavior  of  the  three-cavity  system  is  consistent 
with  the  phenomonon  observed  in  Fig.  5-3:  Strong  parasitic  oscillations 
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'“Two-cavity  gain,  tuned  bunching  section  only 


_J _ I _ L _ 

2.60  2.65  2.70  Gc 


FIG.  5. 2- -Small-signal  gain  at  80  kV  (bunching  section  tuned 
synchronously ) . 


begin  near  kV  for  fit  =  3«  but  not  until  85  kV  for  fit  =  2n  ;  hence 
stable  gain  at  80  kV  could  be  expected  for  fit  -  2n  but  not  for  fit  **  3n  . 

All  measurements  are  small-signal;  saturation  measurements  were 
precluded  by  arcing  in  the  output  cavity  near  the  30  kW  level.  At  ar.y 
one  frequency,  the  bunching  cavities  were  marually  tuned  to  synchronism; 
the  output  cavity  is,  of  course,  fixed-tuned, 
b  Beam  loading  measurements 

A  direct  meas'ire  cf  beam-cavity  interaction  can  be  had  from  the  evalua 
tion  of  beam  loading.  Measured  results  are  summarized  in  Table  5*1*  In 
either  of  the  two  cases  measured,  team  loading  was  found  to  be  less  than 
predicted  by  the  theory;  however,  the  reason  for  this  is  not  clear. 

TABID  5-1 

NORMALIZED  BEAM  LOADING  CONDUCTANCE,  G  /G„  ,  MEASURED  AT  So  kV 

e  0 


Cavity 

Measured 

Predicted 

Buncher 

0.116 

0.175 

Output 

with  L  =  2n 

-  0.102 

-  0.160 

c.  External  loading  of  an  ext ended -interact ion  cavity 

As  indicated  before,  the  rationale  behind  this  experiment  was  that 
although  environmental  conditions  made  it  difficult  to  get  high  Rt h/Q 
per  unit  length  on  the  beam  axis,  a  large  total  R  ^/Q  could  be  built 
up  by  using  a  sufficiently  long  section  of  slow-wave  structure,  with 
monotron  instability  of  the  resultant  resonator  being  prevented  by  heavy, 
preferably  external,  loading.  The  fact  that  parasitic  oscillations  on 
the  electron  stick  turned  out  to  be  the  factor  limiting  maximum  cavity 
length  should,  however,  not  obscure  another  more  basic  limitation  on  an 
arrangement  of  this  type,  concerning  the  external  loading. 

First,  it  is  clear  from  the  definition  of  that  for  any  cavity 

consisting  of  a  resonated  section  of  lossless  transmission  line,  Q 
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will  be  proportional  to  the  length  of  the  cavity-  More  explicitly.  If  the 
coupler  reflects  no  power  In  either  direction  we  may  write,  looking  at  the 
standing -wave  pattern  as  a  superposition  of  two  waves, 


qcxt(oln> 


energy  stored 

O)  - 

power  lost 


2  V  i 
8 

U)  - 


2 el  ,  (t.i) 

v 

g 


where  <x> 

W 

s 

l 

v 

P 

V 

g 


radian  frequency., 

energy  stored  per  unit  length  in  one  wave  (incident  or  reflected) 
length  of  structure, 
phase  velocity,  and 
group  velocity. 


It  is  assumed  throughout  that  the  power  flow  in  one  wave  can  be 
correctly  represented  by 


P  =  W  v 

s  g 


For  a  lossy  structure,  Eq.  (5*l)  is  modified  slightly  since  there  will  be 
less  energy  stored,  on  the  average,  per  unit  length;  power  lost  remains 
at  its  maximum,  equal  to  incident  power.  For  a  transmission-line  resonator 
with  a  given  QA  one  may  then  plot  the  lowest  loaded  Q  [Q  (min)J  , 
corresponding  to  maximum  overcoupling  as  a  function  of  resonant  length 

at. h  -(1) 

(2) 

Secondly,  from  Wessel-Berg's  theory,  one  can  find  the  maximum 

loaded  Q  [Q  (max)]  of  a  sloV-wave  resonator  of  given  Length  which  will 
L 

still  prevent  monotron  instability  when  the  resonator  is  made  to  internet 
with  a  given  beam. 

A  simultaneous  plot  of  Q  (min)  and  Q  (max)  vs  resonant  length 

L  L 

fpL/m  will  define  a  region  in  the  Q  -  p£/ ji  plane  in  which  operation  of 

^In  our  case,  maximum  overcoupling  was  approximated  by  designing 
for  a  smooth  transition  between  the  reduced-height  waveguide  and  the 
slow-wave  structure,  with  the  latter  temporarily  terminated  at  the  far  end 

(2) 

'T.  Wessel-Berg,  "Space-Charge  Wave  Theory  of  Interaction  Gaps  and 
Multi -cavity  Klystrons  with  Extended  Fields,"  op.  clt. 
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u  given  slow-wave  structure  as  a  klystron  resonator  is  practical.  Such  a 

plot  has  been  drawn  for  the  ring-bar  structure  used  in  this  experiment 

(Fig.  5*4)*  One  concludes  from  this  plot  that  fit  =  3n  represents  the 

maximum  interaction  length  which  is  not  susceptible  to  monotron  instability. 

However,  with  R  , /Q  =  100  ohms  or  M“'R  . /Q  =  50  ohms  ,  the  fit  -  3« 
oh  sh 

cavity  clearly  cannot  satisfy  the  stated  objective  of  relatively  high  total 
shunt  impedance. 

3  Nummary  of  Resuits 

The  beam  testing  of  a  three-cavity  hybrid  tube  on  the  electron  stick 
ha,  been  completed  With  the  output  resonator  adjusted  for  interaction  over 
one  resonant  wavelength,  the  overall  small-signal  gain  was  found  to  be  19  db 
with  a  3  db  bandwidth  of  3*5^>.  Longer  interaction  lengths  were  made  im¬ 
practical  both  by  parasitic  oscillations  on  the  electron  stick  and  by  the 
inherent  difficulty  of  loading  a  long  resonator  sufficiently  to  prevent 
monotron  instability  The  two-cavity  gain  of  the  tunable  bunching  section 
remained  at  11.0  ±  1.0  db  over  the  frequency  range  of  interest.  Large- 
signal  or  saturation  measurements  were  not  made,  due  to  arcing  in  the 
output  resonator  at.  the  30  kW  level. 

C.  FUTURE  WORK 

It  is  evident  from  the  above  results  that  the  realization  of  a  stable 

slow-wave  resonator  with  large  total  R^/Q  at  S-band  frequencies,  and 

built  to  be  consistent  with  the  electron-stick  geometry,  is  fraught  with 

considerable  difficulty  Calculations  show,  however,  that  operation  of 

the  ring-bar  circuit  at  L-band  frequencies  promises  much  better  performance, 

with  R  /Q  in  the  order  of  400  ohms  per  resonant  wavelength,  compared  to 
s  n 

70  ohms  for  the  S-band  circuit.  Work  has  begun  on  the  design  of  a  three- 
cavity  L-band  klystron,  with  all  cavities  consisting  of  resonated  sections 
of  ring -bar  structure,  and  with  the  first  two  cavities  again  made  tunable. 

For  greater  simplicity  in  design,  no  stub  supports  will  be  used  on  the  ring- 
bar  structure.  With  the  tube  designed  to  operate  in  the  20-30  kV  range, 
it  should  be  simpler  to  suppress  parasitic  oscillations  on  the  electron  stick. 
At  the  same  time,  saturation  power  levels  will  be  lower  and  thus  the  chance 
of  arcing  will  be  reduced. 
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FIG.  5. ^--Limits  of  operation  for  the  output  resonator 
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VI  HOLLOW  BEAM  GUNS 


A  OBJECTIVE 

The  purpose  of  this  project  is  to  produce  electron  guns  with  high 
perveance  and  convergence.  The  most  promising  approaches  to  this  problem 
art*  based  on  curvilinear  flow  instead  of  the  more  conventional  rectilinear 
flows.  For  some  time,  the  principal  method  of  attack  on  the  curvilinear 
flow  problem  has  been  through  cut-and-try  techniques.  The  goal  here  has 
been  to  reduce  gun  design  for  curvilinear  flow  to  a  more  analytical  and 
systematic  scheme. 

B.  PRESEI7T  STATUS 

A  promising  way  of  designing  hollow  beam  guns  is  through  the  use  of 
the  paraxial  ray  equation.  With  a  view  in  mind  of  the  practical  applica¬ 
tion  of  this  method,  a  method  including  magnetic  field  was  developed  during 
the  year  for  determining  the  flow  and  the  focusing  electrodes  to  second 
order  of  axially  symmetric  systems.  The  method  differs  from  work  by  others 
in  the  fact  tliat  the  flow  is  found  by  solving  ordinary  differential  equations 
instead  of  partial  differential  equations.  This  should  insure  greater 
speed,  accuracy,  and  simplicity  in  the  numerical  calculations. 

The  basic  approach  used  remains  the  same  as  with  other  work  on  the 
paraxial  ray  method.  One  chooses  any  two  of  these  quantities  along  the 
central  trajectory  -  voltage  V  ,  curvature  K  ,  and  infinitesimal 
thickness,  i  .  From  this,  the  flow  and  focusing  electrodes  are  calculated. 

Our  method  depends  on  solving  a  set  of  simultaneous  ordinary  differen¬ 
tial  equations,  known  as  the  first-order,  second-order,  etc.,  paraxial  ray 
equations.  The  solution  of  these  equations  yields  quantities  which  can  be 
used  to  find  the  edge  trajectories,  voltages  and  fields  through  a  power 
series  expansion  about  each  point  on  the  central  trajectory. 
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V 


(6.7) 


Central  trajectory 


FIGURE  6.1 


where 


satisfies 


V 

n 


2i  KV  .  (6.8) 

m 

The  quantity  V  Ic  a  meridian  voltage  associated  with  the  meridian  velocity 
ra 

v  ,  which  Is  1  rrotat ior.ul 
ra 


V  v  v 

*r 


By  using  Eq.  (o.V)  we  stay  write  Poisson's  equation  us 

A.  '  Arjfa)  *  °/£0 


(0.9) 


(6.10) 


Upon  expanding  the  first  tern  In  curvilinear  coordinates  and  substituting 
for  p  ,  we  obtain 


1  d 
5r  ds 


d  /rh,  dv 

_ j _ l  _ m 

\  h-  5<i2 


Vs 


J0r0{0 


CAV  rh0 
0  m  2 


(6.11) 


where  J(  ,  r{,  }  and  are  values  at  the  cathode  and  h^  =  ds/cKj^ 

By  expanding  and  simplifying,  we  obtain  the  first  order  paraxial  ray 
equation- 


2V  t •  V'  f  6(VM  +  4K^V  )  +  -  (V  sin  *  +  2V  K  cos  m ) 

m  ram  m  r  m  ra 


(6.12) 


where  prlxe3  refer  to  derivatives  with  respect  to  s  and  where 


V 

IE 


V  -  nAu/2 


(6.13) 
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V  =  V  -  nA 

m  r 


Cyv  dA 

t —  sin  'I  +  tt—  cos  * 
or  oz 


(6.1U) 
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^  Bin  *  +  cos  Hi  -  tjA 


0"A 


— P  sin  H  +  2  - 

dr  drdz 


sin  H  cos  v 


+ 


i 


(6.15) 


In  deriving  the  second-order  paraxial  ray  equation,  we  use  the  two 
operator  equations: 


S  d  d  a  .  d 
3%  ds  ds  5q^  ^  ds 


(6.16) 


2  2  2 
d  d^  d  d^  d^  d 

- P  =  (5K)1  —  +  25K  —  +  — - 

dq0  ds  ’  ds  ds  ds  dq£ 


(6.17) 


which  are  readily  derived  from  the  preceding  equations.  Differentiating 
Eq.  (6.12)  with  d/dq,  and  applying  Eqs.  ( 6 . l6 )  and  (6.17),  we  obtain 
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the  second -order  jorcixiai  ray  equation. 
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where  4q  =  d  5 / dq£ 

Knowing  for  example,  V  and  K  ,  Eqs.  (6.1)  -  (6.3),  (6.12)  and 
(6.18)  may  be  integrated  simultaneously  to  obtain  |  and  4 
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18) 


These  results  cun  then  be  used  to  find  the  edge  trajectory  and  voltages, 
as  ve  shall  now  show 

The  quantities  required  at  the  beat  edge  for  finding  electrode 

shapes  are  ‘  ,  1  ,  (dr/dq,)^  '  ,  (dz/dq.)^  *  ,  V'  }  , 

/  \  /  \  1  1 

and  V  '  '  =  (dv/h^dq  )'  ,  where  superscript  e  refers  to  the 

beam  edge.  These  cay  be  expanded  about  the  central  trajectory  In  powers 
of  dq  as  follows: 
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(6.23) 


/v  dV  1  d^V 

V  (e)  =  V  +  -^+  -  — §  + 

n  dq2  2  dq2 


(6.24) 


The  remaining  problem  is  to  find  the  coefficients  on  the  right  hand  side 
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of  these  oq^ationc.  The  coefficients  for  Eqs.  (6.19)  *  (o.tic?)  are 
obtained  solely  froo  Eqs.  (6.1)  -  (u.o)  and  (o  lc)  -  (6.17) 


and 
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(6.39) 


In  summary,  uil  'he  equations  for  the  second-order  approximation 
have  teen  derived.  Eq.jr.ions  (o.i)  •  (o.3),  (o .  i*_ ) .  and  (o.l8)  are 
first  integrated.  The  results  are  then  substituted  into  Eqs.  (6.19)  * 
(6.39)  to  determine  the  edge  trajectories  and  coordinates.  These  lr. 
turn  are  integrated  by  analytic  continuation  methods  to  obtain  the 
focusing  electrodes 


VII.  TRANSVERSE-WAVE  STUDIES 

A .  TRANSVERSE-WAVE  DEVICES 

1 .  Introduction 

The  objective  of  this  project  is  to  study  a  possible  approach  to 
broadband  high-powered  amplifiers  which  involves  interaction  between 
an  electron  beam  and  a  circuit  in  the  presence  of  an  axial  dc  magnetic 
field.  T.nis  amplification  mechanism  depends  on  interaction  between  the 
transverse  motion  of  the  beam  with  transverse  electric  fields.  Examples 
of  such  interaction  are  the  Adler  low-noise  quadrupole  amplifier,  and 
the  so-called  fast-wave  tubes  where  a  rotating  electron  beam  is  inter¬ 
acting  with  an  ordinary  fast  electromagnetic  wave  in  a  smooth  waveguide. 

In  the  first  case  this  type  of  interaction  was  used  for  low-noise 
amplifiers;  in  the  second  case,  for  very  high  frequency  amplifiers. 

There  are  many  possible  variations  of  this  kind  of  interaction,  however, 
which  would  be  appropriate  to  any  frequency  range  and  not  merely  for  low 
noise. 

2.  Background 

The  theoretical  work  on  transverse-wave  propagation  done  during  the 
last  year  has  led  to  a  better  understanding  of  transverse  waves.  In 
particular,  the  work  has  led  to  improvements  in  the  filamentary  beam 
theory  for  ordinary  cyclotron  and  synchronous  waves.  In  addition,  the 
work  lias  pointed  out  the  existence  of  other  transverse-wave  types  with 
properties  that  are  entirely  different  from  the  ordinary  transverse  waves. 
These  new  waves  can  exist  on  beams  having  rotational  motion.  The  required 
power  for  interaction  with  external  circuits  is  supplied  by  the  rotational 
dc  energy  of  the  beam.  Jn  this  sense  these  waves  are  different  from  the 
ordinary  i  ransverse  waves  and  longitudinal  space-charge  waves  which  take 
their  energy  from  the  longitudinal  drift  motion. 
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Some  of  the  proper*  ies  of  *- !.>  uc-v  transverse  waves  are  very  . r.ter- 
estlng.  iri  the  sene-  that  they  leal  to  possible  interaction  s  *n-:r.es  which 
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Theory  of  Bunch  In.:  In  Transverse -Wave  Devices 
I -el  un  assur.e  a  simple  balanced  beam  model  iri  which  the  individi.nl 
electrons  are  rotating  around  the  axis  with  the  cyclotron  fr*  queney  oi 
S.;eh  a  i  •  -am  can.  for  instance,  he  er.tabl  isiied  ly  u  mo^iv  t  i  •  field 
reversal.  The  do  beam  is  characterized  by 


v  =  ui  r  a  {  *  v^a 
0  c  0  z 


(7  1) 


constant 


The  equation  of  continuity  1: 
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+  jup 
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The  definition  of  current  is 
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(7.3) 
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Hence, 


V  •  1 


"o'7 


Jnu)cP  + 
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0  dz 


(7-M 


where  w^  have  assumed  the  wave  In  consideration  to  vary  as  exp(- 
Substitution  in  (7.2)  yields 


vo 

Thei>  the  solution  of  (7*5)  is 


(7-5) 


(7-6) 


(7-7) 


This  relation  gives  the  rf  charge  density  in  terms  of  the  divergence  of 
the  rf  velocity  v  .  Equation  (7-7)  shows  that  the  space-charge  density 
essentially  is  a  periodic  function  in  z  with  periodicity  determined  by 
the  propagation  factor  (3,  =  •  The  amount  of  bunching  that  takes 

place  is  determined  by  the  divergence  of  the  velocity  v  .  For  waves 
characterized  by  exp(-  J0)  variation  we  obtain 

1  dv  v  1  dv  bv 

v  '  v  = - +  —  + - + — -  .  (7-8) 

2  Sr  r  2  dr  dz 
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"he  cor.pO!it»::ir  te  decern  I  r.e d  fron  *  he  force  ^q^ailor.c  whl*:. 

or  * v e  p^-rm*  ~ure  are: 
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and  similarly  for  the  field  componente. 

We  shall  use  the  paraxial  expressions  for  the  components  of  the 
circuit  field.  For  the  node  varying  as  exp(-  J f)  ,  the  puraxial 
components  are 
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(7.16) 
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By  solving  for  the  velocity  components,  we  obtain 
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The  paraxial  field  components  appearing  in  the  equations  are  functions 
of  z  ,  but  not  of  r  .  It  is  now  a  simple  matter  to  calculate 
V  •  v  from  (7* 8).  We  obtain 
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(7.20) 


Since  the  bunching  is  determined  by  V  /  v  ,  we  can  draw  a  number  of 
important  conclusions  from  Eq.  (7.20). 

These  conclusions  pertain  to  a  circuit  field  characterized  by 
exp(  •  <10)  variation  and  a  beam  with  rotational  frequency  ca  : 

a.  The  transverse  electric  field  E+  does  not  contribute  to 
bunching.  Physically,  this  is  tied  in  with  the  fact  that  the  rotational 
frequency  is  independent  of  radial  position.  The  transit  time  for 

one  revolution  is  independent  of  radius. 
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b.  The  a x !  a  i  ,r a ’’ .*>•  t 1  c  fie. 
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By  using  the  paraxial  expressions  (7*15)  and  (7 • lo )  we  can  express  the 
equations  in  terns  of  the  transverse  field  components  only.  Wt  obtain 
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These  paraxial  equations  hold  for  any  circuit  field,  and  they  automatically 
account  for  the  rf  stray  fields  at  the  ends  of  the  circuit,  i.e.,  end 
effects  are  taken  into  account.  These  end  effects  can  be  quite  important 
for  bunching  in  certain  special  cases.  For  instance,  if  the  circuit  is 
a  TE  mode  in  a  waveguide  operated  at  or  near  cutoff,  the  transverse  magnet i  ' 
field  B+  is  negligible,  and  the  main  contribution  to  bunching  is  from  the 
axial  electric  stray  field  E^  at  the  input  end  of  the  circuit. 

Once  the  rf  bunching  is  established  the  corresponding  rf  currents  are 

i  *  p  a)  r  (7-30) 

+  c 


P  v. 


(7.31) 


In  a  fast-wave  device  most  of  the  dc  kinetic  energy  is  rotational.  Hence 
i+  is  considerably  larger  than  i  ,  and  will  interact  strongly  with  the 
transverse  electric  field.  If  the  relative  phase  between  current  and  field 
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te  correct,  energy  Is  extracted  from  the  bean,  and  the  interaction  principle 
can  be  used  to  obtain  oscillations. 

!*  Experimental  Work 

The  principle  outlined  above  has  been  used  in  an  experimental  oscil¬ 
lator  consisting  of  a  simple  Cuccia  coupler  and  a  hollow  beam  rotating  at 
the  cyclotron  frequency.  The  oscillator  has  been  tested  and  some  small 
output  power  observed.  The  details  are  described  in  a  technical  report. ^ 

B.  SPACE-CHARGE  WAVES  IN  AN  ACCELERATED  PARALLEL -FLOW  ELECTRON  BEAM  IN 
A  CONSTANT  MAGNETIC  FIELD 

1  Statement  of  the  Problem 

Consider  a  parallel-flow  Pierce  electron  gun  as  shown  in  Fig.  7  1* 

For  thin  type  of  gun  the  electrodes  are  shaped  in  such  a  way  that  the 
unperturbed  electric  forces  acting  on  the  electrons  are  In  the  axial 
(z-)  direction  only.  The  equatiens  describing  the  drift  velocity  (v  ) 
are  therefore  essentially  those  of  a  space-charge  limited  diode.  In  addition 
to  the  axial  electric  field  (Ef  )  ,  there  is  also  an  applied  dc  magnetic 

field  (B0J)  . 

Tiie  problem  is  concerned  with  finding  the  small  perturbed  velocity 
and  field  quantities  at  plane  (b)  in  terms  of  these  quantities  at  plane 
(a).  Plane  (a)  is  assumed  to  lie  just  beyond  the  potential  minimum  of  the 
beam  and  the  initial  velocity  and  charge  disturbance  at  this  plane  are  quite 
arbitrary. 

By  assuming  that  the  perturbations  are  taken  small  enough.  Maxwell's 
equations  can  be  appropriately  linearized.  Furthermore,  the  velocity  at 
any  point  is  assumed  to  be  single-valued,  and  no  electron  collisions  are 
supposed  to  occur. 

2  -  Scope  of  the  Research 

It  is  the  scope  of  this  research  to  establish  the  general  transformation 
properties  in  accelerated  regions,  involving  not  only  the  fundamental  space- 
charge  mode  but  also  6-varying  modes  (transverse  waves).  These  problems 

Wessel-Berg  and  R.  Hayes.  "A  New  Transverse-4wave  Monotron 
Oscillator,"  Microwave  Laboratory  Report  No.  1070,  Stanford  University 
(July  1963). 
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FIGURE  7.2 


Circular 

Beam. 


FIG.  7.1--Piprce  electron  gun. 
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■L.  D.  Smuil in,  "Propagation  of  Disturbances  in  One-dimensional 
Electron  Streams/'  J.  Appl.  Phys.  22,  IL96-8  (December  1951). 

(2) 

v  yR.  Muller.  "Raumladungswel len  in  besehieunigten  und.  versbgerten 
eindimenslonalen  Elektronenstro'mungen/’  Arch,  fur  Elektrische  Ubertragung 
9,  505-12  (August  195b). 
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where  the  subscript  (t)  denotes  a  total  quantity  and 
e(<0)  -  electron  charge, 

0 

ra  =  electron  rest  mass, 
e  =  inductive  capacity  in  vacuum, 


,i  permeability  in  vacuum, 

1/Vm  c  b  speed  of  light, 


t  -  tike, 

churge  density, 

v 

velocity, 

E(  electric  field  intensity,  and 
magnetic  flux  density  . 


In  order  to  made  an  analytic  solution  of  the  system  (7 >32)  -  (7-36) 
feasible,  the  following  simplifying  assumptions  will  be  made. 

(a)  In  view  of  the  geometry  in  Fig.  7-1,  a  circular  cylindrical  coordinate 
system  (r  ,  G  ,  z)  will  be  used.  Hence, 


V 


d  1  o  <3 

•>  -f  -♦ 


r  dr  ®  r  d9  Z  bz 


(b)  The  small-signal  analysis  together  with  the  Eulerian^' ^  description 
of  (7-36)  is  applied.  If  (0^)  and  (0)  are  dc  and  ac  functions, 
respectively,  then  the  solutions  will  generally  be  of  the  form: 


0,  (r  ,  9  ,  z  ,  t)  =  f0{ z)  +  0  (r  ,  0  ,  z  ,  t)  .  ;  \f  \  «  |0Q|  . 


Thus  products  of  two  or  more  ac  terms  will  be  neglected  so  that  the  beam 
equations  become  linear. 

(c)  Apart  from  the  fact  that  dc  electron  flow  can  not  remain  parallel  at 
relativistic  speeds  in  the  usual  Pierce  gun  design  (due  to  the  pinching 
effect  of  the  tangential  magnetic  field  created  by  the  beam  current),  the 

'“'D.  L.  Bobroff,  "Independent  Space  Variables  for  Ejmall-Signal 
Electron  Beam  Analyses, "  IRE,  Trans.  PGED,  68  (January  1969)- 
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are  too  great 


cossp.i cat Ions  arising  ;'r  jt.  a  relativistic  treats*:.:  are  too  great  We  nav*- 
shown  elsewhere  that  no  coordinate  transt'ornsat io:i  exists  (an.  a^  th»- 
1/3 re ■■.*  a  rar.si'orsa’  .ion .  In  the  case  where  •  r.e  arll't  velocity  Is  ’onstan*  ). 
•-hid.  sir.f  . .  :V-c  tr.e  Lear.  equations.  Tr.uc  the  rc.att vict  :c  ter.r  .:.  (7.3  ) 
•-'1*1  :'or*  h  te  cropped ,  ar.d  the  para-u-:  flow  •or.attlor.s  Inside  •  he 

Lear,  nr**  :: v 


K  a.  F.  (z)  ;  v„ 

^  w  J  ^ 


-  a..  V,  (")  ;  |v  !  .<  *  ('.*•) 


(c)  The  -  ova.  d  •  rag ret  !c  fle.J  (B  )  -  "no  1st-  of  a  ,,,.5tf  : 

applied  n  (3  )  !•  th**  axial  direction  urc  a  rudlai ...  -  var  .  ’u- 

fl**la  (3  )  i  .e  to  *h*  beat  current.  SI:  f- o  the  effect  o!'  (3  »  .in: 

t :.e  transverse  no:;;*'  si 'nu.  is  o!'  rain  .  r.ter*  ct  !r.  *  he  p:»*s.-j.*  u*j.\.  . 

:'!•  .i  (?  ,  )  w,i.  be  nee  lee ted  It;  the  tear,  equation:  .  Thu.  .  s  la* 

o*-* 

the  1  ear. 


•  ■ .  t .  a  . 


Wr)  +  U-  Bo*>  1  ’Br^1  s<  |B  <i  ( 


Oz  ’  C*' 


In  view  of  the  above  considerations.  Eqs .  (7  37.)  -  (7-j'  )  ueco.re 
dc  oar*  • 


VxE  ;  VxB0  M0o0?0  i  V-  E(  .  P0/:G  ,  »  •  %  *.  E, 


(  53) 


ac  part 


V  x  E  f 


oB 

dh 


(  V)) 


V  x  B  ■ 


1  dE 

~2  ~ 
c  dt 


P0(p0;  *  PV0) 


(7. to) 


V  •  E  -  p/e 


(  i’  '*  i ) 


,5t  *  vo  Vl(pv: 


v0V(qv0) 


q(E  t  v  x  BQz  +  vQ  x  B) 


CiM) 
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where  q  »  e/nT  ,  and  p  =  q  =  1  . 

The  solutions  of  the  system  (7. 39)  *  (7 •••2)  are  subject  to: 

(a)  The  dc  solutions  of  (7*38). 

(b)  The  boundary  conditions  at  the  bean  radius  (b)  . 

(c)  The  solutions  of  the  ac  free-space  equations  outside  the  bean.  These 
equations  follow  at  once  fron  Eqs.  (7*39)  and  (7>4g),  r.anely, 


y  <  E  +  —  =  0 

at 


1  dE 

v  \  0  -  —  —  =  0 

c  at 


(7.43) 

(7.^) 


(i)  The  boundary  conditions  at  infinite  radius  (r)  .  It  is  acsuned 

that  all  frce-space  fields  vanish  at  this  radius. 

(c)  The  initial  conditions  at  plane  (a)  in  Fig.  7-1- 

After  the  system  (7-39)  -  (7*42)  ha6  been  integrated  with  respect  to 
(r  ,  9  ,  t)  ,  there  results  an  eighth-order  differential  system  with  the 
variable  coefficients  p  (z)  and  v  (2)  .  We  will  show  that  if  p( 

and  v  are  constant  (ion-neutralized  beam),  a  Lorentz  transformation 
reduces  the  order  of  this  system  by  four.  It  however  appears  that  when 
(p  )  and  (v^ )  are  functions  of  (z)  no  such  simplifying  transformations 
exist.  We  liave  found  that  in  order  to  arrive  at  a  practical  solution  of 
this  system,  one  has  to  impose  quasi-static  approximations  (reducing  the 
system  to  the  sixth-order)  and  solve  this  system  by  means  of  the  WKB 
method. ^  ^  Other  methods,  such  as  variational  methods,  are  still  being 
investigated.  Although  ranges  of  validity  for  the  WKB  method  have  been 
known  for  some  time  in  view  of  the  solution  of  Schrodinger 1 s  equation 
(second-order),  only  recently  Shkarofsky'  7  has  considered  its  validity 
for  higher-order  systems  (fourth-order).  Apart  from  the  validity  of  the 
WKB  method  one  also  has  to  consider  the  ranges  of  validity  of  the  quasi- 

(3) 

static  approximations.  Although  Rigrod  has  indicated  some  of  the 

^J.  Heading,  An  Introduction  to  Phase- Integral  Methods,  New  York, 

John  Wiley  (1962). 

(2) 

'I.  P.  Shkarofsky,  "Longitudinal  Waves  in  an  Inhomogeneous  Magnetic 
Field-Plasma  Interface  Based  on  the  WKB  Approximation,"  Canadian  J.  of  Phys . 
4l,  569-80  (April  1963). 

(3) 

'  7W.  W.  Rigrod,  "Space-Charge  Waves  Along  Magnetically-Focused  Electron 
Beams,"  Proc .  IRE  46,  358-9  (January  1958). 
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conditions  to  be  imposed  on  this  tyue  of  approximation,  we  do  not  believe 
them  to  be  generally  valid.  In  order  to  obtain  more  precise  definitions 
in  this  respect  we  shall  therefore  also  consider  Hahn's^  model  of  an 
ion-neutralized  beam.  Since  in  this  model  (p  )  and  (v^)  are  constant, 
the  bean  equations  can  be  readily  integrated  with  respect  to  (z)  .  It 

turns  out  that  when  the  relativistic  term  is  included  in  the  force  equations, 
the  bean  deterninantal  equation  becomes  simpler.  Provided  the  lor._nass  is 
very  large  compared  to  the  electron  mass,  Eqs.  (7*39)  -  (7 - **2)  together 

2  2-4 

with  p  =  (l  -  Y-/c  )  2  and  q  =  0  apply  equally  well  to  this  problem. 

After  starting  out  with  the  relativistic  beam,  boundary  and  free* 
space  determinantal  equations  which  take  9-dependency  into  account  (Hahn 
did  not  consider  this)  we  will  then  briefly  consider  some  elementary 
solutions  for  the  quasi -static  and  thin-beam  case. 

4  DC  Solutions 
(a)  Space-Charge  Limited  Beam 
Putting  in  Eqs.  (7*38), 

K  ■ 


one  obtains,  after  making  substitutions  and  performing  a  first  Integration, 
the  differential  equation  which  must  be  satisfied  by  the  dc  potential  )  , 
namely 


-  -2  <-  2i)_i  <4  -  y  - 


(7-45) 


where  1^  =  p^(z)  v^(z)  is  the  constant  dc  beam  current  beyond  the  potential 
minimum  (z  =  0)  away  from  the  cathode  and  (A^)  is  a  constant  of  integra¬ 
tion.  Imposing  the  conditions  0f.  =  =  0  at  z  -  0  ,  so  that 

from  (7-^5)  A  =  0  ,  the  well-known  Child's  relations  for  a  space-charge 

limited  parallel  plane  diode  are  obtained.  In  terms  of  both  (z)  and  the 

^W.  C.  Hahn,  "Small  Signal  Theory  of  Velocity-modulated  Electron 
Beams,”  G.  E.  Rev.  42,  258-70  (June  1939). 
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4e  electron  transit  time  (t)  these  are: 


The  tangential  magnetic  field  (B  )  due  to  the  beam  current  (i  ) 

uy 

is  found  by  performing  simple  line  and  surface  integration  in  a  plane  of 
constant  (z)  in  the  expression: 


/ 


.  u 


If  (b)  is  the  beam  radius,  then 


Boe  =  a  “o  Jo  r  ’  r  <  b 


4.  =  hoV2/1'  ’  r>b 


(7-^7) 


(b)  ion-Neutralized  Beam 

In  Hahn's  beam  model,  which  we  will  consider  here,  the  electron  beam 
is  supposed  to  be  well-mixed  with  an  ion  beam.  For  these  two  beams, 
space-charge  densities  are  equal  in  magnitude  and  of  opposite  polarity, 
dc  flow  speeds  and  directions  are  the  same  and  the  average  beam  radii  are 
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likewise  equal.  The  dc  velocities  as  well  as  the  space-charge  densities 
are  constant  and  no  tangential  dc  magnetic  field  is  present  since  the  net 
dc  beam  current  is  zero.  Consequently,  relativistic  parallel  flow  is 
possible  in  this  case. 

5.  Boundary  Conditions 

(a)  Space-Charge  Limited  Bean 

(l) 

It  has  been  shown  by  White  and  others  that  the  rippled  beam  edge 
in  Fig.  1.2  can  be  replaced  by  a  straight  beam  edge  on  which  an  equivalent 
L,-rface  current  density  (S)  and  surface  charge  density  (0)  exists. 

The  boundary  conditions  are  given  by 

af  •  (B*  -  B’)  -  0  ;  ar  x  (B*  -  B*)  -  uQ  § 

(7.»*8) 

ar  x  (f  -  E')  =  0  ;  ar  •  (E*  -  E*)  =  o/c 

where  the  superscript  (+)  refers  to  the  ac  fields  outside  the  beam 
evaluated  at  an  average  radius  (b)  .  The  quantities  (£3)  and  (0) 

can  be  expressed  in  terras  of  the  beam  ripple  (6)  as  follows.  Let  (0) 
in  this  case  represent  either  the  electric  ac  potential  or  any  of  the  ae 
components  of  (B)  and  (E)  .  Then  if  the  total  radius  (rf)  is  defined 

by 

r+  (r  ,  9  ,  z  ,  t)  =  r  +  6  (r  ,  0  ,  z  ,  t)  ;  |b|  «  |r|  =  b  , 

(7.^9) 

a  first-order  Taylor  expansion  of  the  total  potential  (0  )  about  the 
average  radius  (r  =  b)  yields  (in  the  case  of  axial  symmetry): 

0t(rt  ,  9  ,  z  ,  t)  =  0Q[(r  +  &)  ,  z]  +  f[  (r  +  6)  ,  9  ,  z  ,  t] 


tyv 

,(b  ,  z)  +  0(b  ,  9  ,  z  ,  t)  +  - 

Sr 


B(b  ,  9  ,  z  ,  t) 


(7.90) 

since  |0Q|  »  \f\  . 

^G.  R.  White,  "Space-Charge  Waves  in  Relativistic  Brillouin  Beams," 
Proc.  Int.  Cong,  on  Microwave  Tubes,  Munich,  June  i960,  pp.  271-3,  New  York, 
Academic  Press  (1961).  -  b9  - 


Equating  the  total  inside  and  outside  potentials  at  the  rippled  bean 
edge  (rt)  ,  Eq.  (20 )  yields 


P0(b,z)  -  0"(b,z)  =  0 

+  -  /  ^ 
$  (b,9,Z,t)  -  0  (b,9,Z,t)  |-  “~~ 

dr 


dr 


(7.51) 

5(b,9,z,t)  .  (7-52) 


Replacing  (^5)  In  (7-51)  and  (?•'  2)  by  (b)  and  (E)  ,  respectively, 

one  obtains  from  (7- ‘‘8): 


BQ(b,z)  B'(b,z)  ;  E  (b,z)  =  E’(b,z)  (7-53) 


.  as 

S  =  —  ax 

M0  r  \  Sr 


dr 


6(b,0,z,t)  (7-5,t) 


o  =  a 
0  r 


s 

dr 


dE" 

+  — =4  )  &(b,9,z,t) 
dr 


(7-55) 


Since  (B^J  is  constant  and  (B(  ^)  is  given  by  (7-47)  it  follows 
from  (7.54)  that: 


S  =  a?  I  6(b,9,z,t)  ;  IQ  =  p(  (z)  vQ(z)  =  const.  (7-56) 


Making  use  of  (7-53)  and  the  relations 

aiT 


dE! 


V  •  =  a  •  — —  +  a  •  — —  =  0  , 

0  r  dr  Z  dz 


*-  ->  ^E0  /  X  / 

V  '  E0  =  az  ■  -  =  P<  {z)/€0  » 

dz 


it  is  then  easily  verified  that  (7*55)  becomes: 


0  =  pQ(z)  6(b,9,z,t)  . 


(7.57) 
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(b)  Ion-Neutralized  Beam 

Referring  to  Fig.  7-2,  Hahn  assumes  in  hie  beam  model  that  all  ions 
and  electrono  are  contained  within  the  perturbed  beam  boundary.  The  ion 
space-charge  density  is  constant  everywhere  and  the  total  electron  current 
through  any  plane  of  constant  (z)  is  conserved.  Hence  with  the  aid  of 
(7-,*9)  ve  have  at  radius  (b)  to  the  first-order  for  the  current  per  unit 
area, 


Sz  ■  •  /  *  •  11  -  ■  VMo  (7-‘-'8) 

■  -  (sb)  "  p0  vo  (b‘  •  rt)  "  ro  - 

ar.d  for  the  charge  per  unit  area, 

0  =  -  f  E  •  ds  =  -  €  E  (7-59) 

2nb  J  0  r 

=  '  (^b)  n  po  (b"  '  rt}  %  P0  6(b’9’z'l)  • 

Since  (Bq  ,  E  )  are  fields  just  outside  the  boundary,  they  must  be  added 
y  r  +  + 

to  the  free-space  fields  (Bq  ,  E  )  ,  respectively.  In  view  of  (7-58) 

y  r 

and  (7-59)  it  can  then  be  shown  that  the  boundary  conditions 

B*  +  Bq  =  B"  ;  E+  +  E  =  E" 

GO  9  r  r  r 

are  identical  with  those  of  the  space-charge  limited  parallel  flow  as 
discussed  previously. 

(c)  Dependency  of  the  Boundary  Conditions 

By  subtracting  the  radial  parts  of  Maxwell’s  beam  equations  (7*39); 
(7.^0)  from  those  in  free  space  (7*^3),  (7.^^);  the  dependency  of  the 
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boundary  conditions  (7 . 48)  upon  each  other  is  easily  seen  from: 


7  •  la^  x  (E+  -  E  )]  -  ^-  [a^  •  (B*  -  B  )]  *  0  (7*o0) 

^  i  a  ^ 

7  •  (ar  x  (B  -  B")]  +  ~  (ar  •  (E*  -  e")]  u  ^0pcvr  (b,6,z,t)  . 

'  *  (7-61) 

If  further  in  view  of  (7  •**&)  Eqs.  (7*56)  and  (7-57)  are  substituted  into 
(7  6l),  one  obtains 


vr(b,«,z,t) 


5T 


+  v 


s)  6(b's'z>t)  3  dt 


(7-62) 


which  in  fact  is  the  Eulerian  derivative  of  (6)  as  it  should  be.  Hence 
of  the  three  boundary  conditions  which  are  contained  in  either  (7 .60)  or 
(7*6l),  at  least  two  must  be  specified.  This  brings  the  total  number  of 
independent  boundary  conditions  to  four. 

After  elimination  of  (b)  ,  our  independent  boundary  conditions  are 
then  given  by 


+ 

Ee-E« 

< 


lB 


+ 

9 


(7-63) 


As  has  been  pointed  out  before,  (7 • 63 )  applies  to  either  the  space- 
charge  limited  case  or  the  ion-neutralized  case  (vQ  =  const.). 


6.  AC  Solutions 

In  view  of  the  remarks  in  Sec.  3,  we  proceed  briefly  as  follows. 
Substituting  into  Eqs.  (7-39)  -  (7-^2)  the  elementary  solutions: 


[-  J  '(yr)  E  (z)  +  ^  J  (yr)  E  (z)]  e1^0*  *  raW^ 
m  w  '  rv  '  yr  mw  '  Qv  ' 

l-  Jm'(rr)  Z9(z)  -  ^  Jm(rr)  E.(z)l  eJ(alt  +  mB>  (7.64) 

J  (rr)  E  (z)  ej(u>t  +  mB) 
mw  '  zx  ' 

t  /  \  \  j  (cut  +  me) 

Jm(rr )  P(z)  e  , 
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We  notice  that  the  systems  (7.65)  -  (7*70)  and  (7*71)  -  (7-71*)  become 
independent  when  B_  »  0  .  In  the  case  the  bean  is  ion-neutralized, 

2  2  A 

(0  )  and  (v0)  are  constant  and  p  =  (l  -  vL /c ‘ )‘  ,  q  «=  0  .  Assuming 

all  quantities  in  (7*65)  -  (7*7M  to  vary  as  e"Jp£  and  putting  u>  «  tjB  /p  , 
u>p  a  ip(  /(p€(  )  ,  u^  0  u>  -  v^0  ,  €  u  1  -  (ojp /pu^ )<  ,  the  beam  determinantal 

equation  becomes: 


Furthermore,  in  view  of  (7.61*),  the  free-space  equations  (7*^3),  ( 7 •  )  • 

and  the  boundary  conditions  (7-63)  we  have: 


2 


02 

us 

+2 

P  = 

l  -  7 

c 

7+  J  '(7b)  N  '(7+b) 
m  m 

7+Jm'(70  N^'  (7^b) 

7  J  (7b)  N  (7+b) 
m  m 

7  (7b)  «m  (7+b)_ 

where  (y* )  refers  to  the  value  of  (7)  in  free-space. 

In  solving  (7.75),  (7»76)  and  (7*77)  two  approximations  will  be  made. 
Firstly,  we  let  in  the  quasi-static  approximation  that  the  speed  of  light 
(c)  approaches  infinity.  We  have  verified  that  the  resulting  equations. 


2 

7 


+  P“ 


2 

0) 

_ c 

2 


/  2  „2 , 

(7  +  e  p  ) 


+2 

7 


+  P 


0 


(7.78) 
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(7-79) 


+  “»  A  " 

alio  obtained  wh-r.  7  x  E  ”  G  and  the  teres  (v  B.)  and  (Ea  ♦  v  B  ) 

u  b  y  o  r 

jn  (7.t-9)  am  (".'•*)  *r<  m-'iectea.  On  introducing  further  the  thin-bean 
approxima’  ions 


J^’(>b)/J^(7b)  ■*  0/(70) 

N  ’ ( >^b )/N  (>+b)  %  -  m/(?+b) 

m 

lr  (7.  P)  it  is  tour'd  that,  provided  m  V  0  , 


e  -  1 

Now  from  (7.78)  (7  79)  and  (7.80)  we  have 


(7-80) 


(7  8l ) 


(7.82) 


We  see  that  since  (u>)  is  real,  (3)  is  real  and  hence  (y* )  is  imaginary. 

2  2  2  2 
Further,  (y)  is  real  when  a f  5  u>  and  imaginary  when  u£  >  \  ext 

The  case  ra  -  0  has  already  been  discussed  by  Hahn  and  will  therefore  not 

be  considered  here 

For  the  space-charge  limited  case  we  will  at  present  only  consider 
the  quasi -static  WKB  solutions  of  Eqs  (7*65)  *  (7-7M  It  is  convenient 
to  introduce  the  scalar  potential  (p)  defined  by  E  -  -  V  P  ,  which 
amounts  to  putting 

A 

Er  ri  .  Ee  «  0  ;  ,  (7  83) 


-  75  - 


and  furthermore 


=  ^r  "  :  ‘  (?-6*) 

The  slxth-orier  system  to  be  oolved  is  then 

(■)“  *  v0  s)  (s/oo>  ■  •  v0  h.  (t/v 0>  •  5  *  ff->  (7-85> 


&  •  n 

i  ■ 

VQo 
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and  the  first  order  WKB  solution  is  given  by 
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Except  for  (oo  ,  cjo^  ,  y)  ,  all  quantities  are  a  function  of  (z) 

The  ranges  of  validity  and  the  usefulness  of  this  solution  are  still  being 
investigated. 

Because  of  limited  space  we  will  presently  omit  further  discussion  on 
other  methods  of  solution. 
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L[[  ELECTRO*!  BEAM  INTERACTION  VITH  A  CESIUM  PLASMA 


a  :  tiro  duct  i  or; 

T‘e  objectives  of  this  project  are  to  carry  out  a  detailed  theoret¬ 
ical  ar.d  experimental  study  of  the  interaction  between  an  electron  stream 
ar/i  a  plasma  The  study  Includes  methods  of  exciting  the  interaction. 
Diagnostic  techniques  necessary  for  the  experimental  work  are  also  being 
studied. 

!he  experimental  work  utilizes  a  plasma  produced  by  the  thermal 
ionization  of  cesium.  The  cesium  plasma  is  of  relatively  low  temper¬ 
ature  U300°K),  has  a  high  percentage  of  ionization,  Is  free  of  many  of 
the  oscillations  present  in  discharge  plasmas,  and  allows  a  well-formed 
electron  beam  to  pass  through  It  without  hitting  neutral  atoms. 

b  PRESENT  STATUS 

In  the  previous  Annual  Report,  the  propagation  theory  we  have 
developed  for  a  plasma  column  with  a  radial  density  variation  was 
discussed,  and  the  experimental  work  to  check  our  theory  and  to  learn 
something  about  the  plasma  profile  was  outlined.  Using  the  experimental 
configuration  of  Fig  8  1  with  plasma  frequencies  generally  in  L-band  or 
3  band,  we  found  that  it  was  possible  to  obtain  very  detailed  data  on 
the  phase  characteristics  of  the  forward-wave  passband  However,  the 
backward -wave  passband  for  the  symmetric  mode  (i.e.,  no  angular  variation 
in  the  fields)  was  not  to  be  found  Since  much  of  our  beam-plasma 
interaction  theory  and  some  of  our  diagnostic  theory  is  based  on  the 
existence  of  this  backward-wave  passband,  the  experiment  was  modified 
several  times  and  much  effort  was  spent  in  trying  to  find  and  measure 
the  backward  wave  Some  of  the  simpler  modifications  were  aimed  at 
improving  the  detection  system  by  increasing  sen°itivity  and  reducing 
noise  The  final  detection  system  could  readily  detect  90  dbm  with 
certainty  Other  modifications  included  changes  in  the  schemes  for 
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CHEMATIC  DIAGRAM  OF  EXPERIMENTAL  APPARATUS 
OR  ATTENUATION  AND  PHASE  MEASUREMENTS 


exciting  the  wave  and/or  detecting  the  wave.  In  addition,  discharge 
tubes  of  different  radial  dimensions  were  explored,  all  tubes  being 
made  of  low-rf-loss  glass  The  details  are  discussed  at  greater  length 
lr.  previous  quarterly  reports  under  this  contract  (Microwave  Laboratory 
Reports  Nos.  1012  and  1037)  Nevertheless,  the  backward  wave  was  not 
conclusively  found, 

A  fast -wave  p&3sband  was  found  In  the  approximate  frequency  range 
where  the  backward-wave  passband  should  have  been;  these  fast  waves  are 
not  piedicted  from  our  slow-wave  theory,  but  It  is  believed  that  they 
propagate  along  the  glass  and  air  space  separating  the  plasma  and  drift 
tube  The  l'ast.-wave  passbar.d  is  affected  by  a  change  in  dc  magnetic 
field  or  a  change  in  plasma  density  Therefore,  it  is  unlikely  that 
some  "slow"  mode,  due  to  the  slot  in  the  drift  tube,  is  responsible  for 
♦he  fast -wave  passband 

In  addition  to  the  fast-wave  passband,  it  was  possible  to  excite  a 
rather  weak  0-varylng  slow-wave  mode  in  the  frequency  range  where  the 
backward-wave  passband  should  have  been.  This  mode  is  predicted  from 
the  theory  It  is  suspected  that  earlier  workers  may  hive  interpreted 
tMs  0-varying  mode  to  be  the  non-0-varying  backward -wave  mode  At 
present,  experimental  evidence  for  the  existence  of  the  backward  wave 
scarce  and  dubious  Some  of  the  evidence  is  discussed  in  our  previous 
quarterly  reports. 

From  the  detailed  phase  measurements  of  the  forward-wave  passband, 
both  with  ar.d  without  the  dc  magnetic  field,  we  have  sought  to  determine 
the  cross-sectional  profile  of  the  plasma  column.  Without  a  dc  magnetic 
fieln,  we  find  that  the  propagation  characteristics  can  be  quite 
accurately  predicted  by  assuming  the  plasma  column  has  a  parabolic 
variation  in  density 


nQ  1  -  a 


with  a  ss  O.h 


model  ar.d  this  value  of  a  is  in  reasonable 


.g/eene  i  v  4 h  a  theory  by  Parker'  '  which  predicts  the  radial  density 


'  J.  V  Parker,  Electron  Tube  and  Microwave  Laboratory  Technical 
Report  ;\:o .  19,  Calif.  last,  of  Tech.  (December  1963). 
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distribution  of  a  discharge  column.  From  Fig,  8.2,  it  may  be  seen  how  a 
appears  to  be  bracketed  between  0.5  and  0.6.  Analysis  of  several  sets  of 
data  appears  to  irdicate  a  value  of  a  =  0.57  would  be  quite  good,  but 
one  snould  not  attach  too  much  importance  to  the  second  significant 
figure  fince  the  parabolic  density  distribution  is  only  an  approximation 
to  the  actual  density  profile. 

When  there  is  no  dc  magnetic  field,  the  slope  near  cutoff  of  the 
u)  3  curve  ^i.e.,  the  phase  velocity  at  low  frequency)  is  proportional 
to  she  average  plasma  density,  the  constant  oi  proportionality  depending 
upon  the  geometry  of  the  system.  For  the  configuration  shown  in  Fig.  8.2, 
the  slope  is  given  by 


b  c 

in  -  +  —  In  - 


where 

%  *  “p°  V1  - 1*  •  (8-3) 

Once  the  value  of  a  was  established  experimentally  to  be  approximately 
0.6,  a  simple  measurement  of  plasma  wavelength  for  a  few  values  of 
0)  «  0)^  (i.e.,  near  cutoff)  was  found  to  be  a  very  convenient  diagnostic 

tool  for  certain  types  of  experiments. 

Trivelpiece^  assumed,  without  proof,  that  the  low-frequency  phase 
velocity  of  waves  which  propagate  in  the  presence  of  an  axial  dc  magnetic 
field  also  depended  only  on  the  average  charge  density.  We  have  shown 
that  this  assumption  is  in  general  false,  and  have  derived  the  correct 
relation  which  defines  the  phase  velocity  near  cutoff.  The  phase  velocity 

A.  W.  Trivelpiece,  "Slow  Wave  Propagation  in  Plasma  Waveguides," 
Electron  Tube  and  Microwave  Laboratory  Technical  Report  No,  7>  Calif. 

Inst,  of  Tech.  (May  1958) 
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FIGURE  8.2. 


near  cutoff  does  in  general  depend  on  the  dc  magnetic  field.  A  report 
is  being  written  covering  our  entire  propagation  theory  and  propaga¬ 
tion  experiments. 

The  previous  Annual  Report  discussed  some  experimental  cesium 
plasma  amplifier  tubes  ve  had  built  and  an  exploratory  coupling  experi¬ 
ment  we  had  performed.  We  have  now  designed  two  new  cesium  plasma  tubes 
as  part  of  a  program  to  measure  the  saturation  gain,  rf  current,  and 
efficiency  of  a  beam-plasma  interaction  device,  and  to  perform  a 
sophisticated  coupling  experiment.  The  two  tubes  nr»  essentially 
Identical  except  that  one  tube  has  an  output  cavity  designed  to  couple 
directly  to  the  beam,  whereas  the  other  tube  has  an  output  cavity 
designed  to  couple  to  the  beam  via  the  plasma  (see  Fig.  8.3).  Both  tubes 
fit  into  the  same  experimental  apparatus.  It  is  expected  that  the  results 
from  the  study  of  the  first  tube  will  serve  to  eliminate  some  of  the 
unknowns  from  the  study  of  the  second  tube. 

Cesium  is  a  corrosive  metal  and  attacks  most  of  the  common  glass-to¬ 
me  tal  disk  seals.  For  that  reason,  plus  the  requirement  that  all  metal 
parts  in  the  tube  be  nonmagnetic,  the  cavity  disks  are  made  of  molybdenum. 
The  glass  in  the  seal  is  high-temperature  alumina  silicate.  Each  tube 
requires  four  glass-to-metal  seals,  two  for  each  cavity  disk;  therefore, 
a  certain  amount  of  developmental  work  was  required  in  order  to  obtain 
satisfactory  seals.  We  are  now  able  to  make  the  seals  quite  routinely. 

The  original  tube  design  has  been  changed  somewhat.  Originally  a 
commercial  large  glass  stem  with  large  metal  pins  was  utilized  for  mounting 
the  plasma  heater  spirals  and  back-up  plates.  The  stem  cracked  several 
times,  both  during  tube  manufacture  and  during  tube  operation,  because  the 
glass  was  so  thick  it  could  develop  large  thermal  stresses.  The  tube 
shown  in  Fig.  8.3  is  the  present  design,  A  tube  of  this  design  has  now 
been  built  and  a  cradle  is  being  made  to  help  support  the  fragile  helix 
stem. 

The  theoretical  study  of  the  gain  mechanism  of  the  finite  beam-plasma 
interaction  has  progressed.  The  finite  beam  and  plasma  model  is  shown  in 
Fig.  8.4.  The  plasma  and  beam  are  assumed  to  be  uniform  and  infinitely 
long  or  properly  terminated.  The  dc  magnetic  field  is  uniform  but  of 
arbitrary  magnitude.  We  have  invoked  the  slow-wave  approximation  and  have 
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s -section  of  exper*. men* al  cesium 
-plasma  amplifier. 


FIG.  8.4--The  theoretical  model  for  a  general  beam-plasma  system. 
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neglected  interactions  with  the  cyclotron  waves;  we  feel  these  approxi¬ 
mations  are  Justifiable  for  the  ranges  of  values  we  allow  our  parameters 
to  take  We  nave  considered  principally  the  nor.-*'-vnrytng  modes 
Collisions  and  thermal  effects  in  the  plasma  and  beam  are  neglected,  the 
maximum  gain  not  being  limited  by  tnose  effects  cut  rnther  by  the  finite 
geometry  of  the  system  Within  the  framework  of  our  model  and  our  assump¬ 
tions,  several  general  conclusions  may  be  drawn  We  feel  that  most  of 
trese  conclusions  are  quite  basic  physically  and  are  valid  for  any  beam- 
plasma  model  in  a  dc  magnetic  field. 

The  conclusions  may  be  categorised  according  to  the  tensor  components 
of  the  anirotrooic  dielectric  constant  of  the  plasma.  They  are* 

1  Tr  a  frequency  range  where  e  and  c  are  both  positive, 

zzp  rrp 

?here  will  be  no  gain  (gain  due  to  Interactions  with  the  cyclotron  waves 
not  being  considered) 

Tr.  a  frequency  ranee  where  c  and  r  are  both  negative, 

zzp  rrp 

tnere  will  c-e  gain  of  the  easitron  type  (i.e.,  the  inductive  wall  amplifier 
type  gain). 

3  The  synchronous  waves  on  the  electron  beam  can  Interact  with 
propagating  plasmaguide  modes,  including  the  higher-oraer  radial  modes, 

•  i  result  in  gain  of  the  traveling-wave  tube  type  or  of  the  backward- 
wave  amplifier  typ>e.  If  synchronism  occurs  in  a  frequency  range  where 
is  positive,  the  gain  is  of  the  backward-wave  amplifier  type. 

ZZp 

If  synchronism  occurs  in  a  frequency  range  when  e  is  negative,  the  gain 
is  of  the  forward  traveling-wave  tube  type.  It  is  possible  to  have  both 
easitron  type  gain  and  traveling-wave  type  gain  simultaneously  for  certain 
system  geometries 

These  three  conclusions,  all  derived  analytically,  are  borne  out  by 
the  numerical  computer  calculations.  Utilizing  the  three  basic  conclusions, 
:t  is  ther  possible  to  simplify  somewhat  a  qualitative  investigation  of  how 
o+i.er  effect,  not  included  in  the  theoretical  treatment  will  affect  the  gain 
behavior  For  example,  the  way  a  longitudinal  or  radial  plasma  density 
variation,  or  the  plasma  sheath  (now  that  there  is  a  reasonable  rf  sheath 
i-t-eory^ 1  ^ ) ,  will  affect  the  gain  may  be  predicted  qualitatively,  and 

M  Pavkovi  ch  and  G.  S„  Kino,  "RF  Behavior  of  the' Plasma  Sheath," 
Microwave  Laboratory  Report  Do.  1077,  Stanford  University  (August  1963). 
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frequently  almost  quantitatively.  A  full  report  on  the  gain  theory  is 
being  written. 

The  experiments  and  the  theory  of  the  plasma  sheath  effects  on  the 
plasmaguide  modes  have  been  completed.  A  condensed  paper  vas  presented 
at  the  Fifth  Annual  Meeting  of  the  American  Physical  Society,  November 
1963,  and  was  also  prepared  as  Microwave  Laboratory  Report  No.  1105 . 

The  title  and  abstract  follow:  "Landau  Damping  in  the  Plasma  Sheath," 
by  H.  L.  Stover  and  G.  S.  Kino: 

"In  this  paper,  a  number  of  measurements  of  the  dispersion  charac¬ 
teristics  and  attenuation  of  slow  waves  propagating  along  a  finite  plasma 
column  are  described.  These  waves  are  of  the  type  first  described  by 
Trivelplece.  As  have  earlier  workers,  we  have  found  that  the  loss  is 
considerably  higher  at  high  frequencies  than  would  be  expected  due  to 
collisions  of  electrons  with  neutrals  or  ions.  In  the  past,  the  explana¬ 
tion  that  has  been  given  for  this  effect  is  that  electrons  collide  with 
the  walls  of  the  discharge. 

"The  work  of  Pavkovich  and  Kino,  described  in  an  accompanying  paper, 
postulates  that  there  is  loss  in  the  sheath  due  to  Landau  damping.  In 
that  paper,  the  rf  properties  of  the  sheath  have  been  characterized  by  an 
impedance,  the  real  part  of  which  can  cause  attenuation  of  waves  propa¬ 
gating  along  a  plasma  column. 

"We  have  carried  out  a  detailed  propagation  theory  which  takes  account 
of  the  radial  variation  of  density  in  a  mercury  vapor  discharge  plasma, 
and  have  calculated  the  attenuation  due  to  the  sheath  impedance  and  due  to 
elastic  collisions  with  neutrals.  The  experimental  results  are  compared 
with  the  theory,  and  appear  to  be  well  explained  by  the  hypothesis  of 
Landau  damping  in  the  sheath." 
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